2 i Modern Trends in Hydraulic-Turbine Design in Europe 
ae Pressure Surges at Large Pump Installations . . . 


_ Pressure Distributions on the Blade of an Axial-Flow Propeller Sion , 
. . D. A. Morelli and R. D. Bowerman 


of Superhester-Tubing Materials i in Contact With Synthetic Combustion 
Atmospheres at1350F. .. . - « CJ. Slunder, A. M. Hall, and J. H. Jackson 


_ Resistance of Cast Fe-Cr-Ni Alloys to Olea in Oxidizing and Reducing Flue-Gas — 
° . J. H. Jackson, C. J. Slunder, O. E. Harder, and J. T. Gow 


Mercury Boiler Tubes During Combustion of a Residual Oil. . 
_A. M. Hall, D. Douglass, and J. H. Jackson 


oe Thermal Shock is Other Consinleis Tests of Austenitic and Ferritic Steels for Main Steam Pip- 
ing—A Summary Report. . . + + + « «W.C Stewart and W. G. Schreiz 


 Metal- -Cutting Chatter and Its Elimination. . . . + + « « + RS. Habn 


Sa A Lathe Test for the Evaluation of Cutting Fluids. . 
3 J. D. Oathout, W. C Howell, Jr, or P. "Hamer, and H. L. Leland 


Required by Face- Cutters. . 
. « W.W. Gilbert, 0. W. Boston, and H. J. Siehmann 


Coal Gasification Ruhrges Processes « « «Kurt Traenckner 


ae Controlled Internal-Contour Shielded-Root Welds Without Backing Rings .. 
eu. Charles Diebl, H. S. Blumberg, and W. G. Benz, Jr. 


On Solution of Reynolds Equation for Slider-Bearing Lubrication—IV_. 
‘ asin .F. Osterle, A. Charnes, ‘and E. Saibel 


On the Solution the Reynolds Equation for Slider-Beating Lubrication—V__. 
. Charnes, E. Saibel, and A. S.C. Ying 


On he of the Reynolds Equation Slider- Lubrication—VI_. 
. . Osterle, A. Charnes, ‘ond E. Saibel 


Experiments With Water Lubricated Thrust Bearings . 
Maurice Levinsohn and N. EB. ‘Reynolds, “3rd 


ot Gyroscopes . . . ... . . . + «+ J. E Brophy and J. B. Romans 
Contribution to the Theory of Oil Whip . . . . . . + + + H. Poritsky 
Contributions to Hydraulic Control—3. . . . . « Blackburn 
to Hydraulic Control—4. . . . . 

Contributions to Hydraulic Control—5. . . . . « « « Blachbare 


% On the Nias of eee Made in Theories of Plastic Flow for Metals. . 
. Joseph Marin and L. W. Hu 


the Heat Transfer to Molten Lead- Bismuth Eutectic in Turbulent Pipe Flow. 
: -H. A. Johnson, J. P. Hartnett, and W. J. Clabaugh 


. . 


1007 


1015 


1021 


1037 


1051 
1073 


1081 


1087 
1095 


1103 


1117 


1125 


1133 


1137 
1147 
1153 
1163 
1171 
1175 


1181 


1 AS M 
- 
eg. 
‘ 
995 
TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 
AUGUST 1953 


actions 


of The American Society of Mechanical Engineers 


month, ex ber, 


an 


OFFICERS OF THE SOCIETY: 


Faspsnice S. jn., President 


ICATIONS: 


T. Norton, Ja. 


Orro ps Lorenz: 
Moras Gere 


Publication 
inth 


are to be eff 


shed on the tenth of every 
ow York 18, N sase send old as 
echen.cal $0 mem 35, by 
can Sociery of M Ww M reve he alg 1953, of the ASME and 
‘atthe ions and the. or. ve 24, 1912.. ‘ransactions 
cated a ‘headquarters tade on condition that full credit be 
— 


By G. A. 


This paper deals with modern trends in the design of 
hydraulic turbines in Europe, especially in so far as they 
differ from standard American practice. The paper de- 
scribes and discusses the general arrangement of large 
hydrounits, the use of high-grade alloys, the efficiency 
tests of large turbines, various improvements in speed 
regulation, and departures from accepted practice in the 
field of gates and valves. 
GENERAL survey of the hydraulic turbines manufactured 
\ in the past 10 to 15 years, extending over the war and post- 
4 war periods, shows that no major invention has been made 
All the turbines 
produced still belong to one of the three main types of machines, 


recently in this particular field of engineering. 


namely, Pelton, Francis, or Kaplan. 

Propeller turbines have been omitted purposely from the fore- 
going enumeration because they are seldom made in Europe 
In fact, they have been ousted completely by the 
Kaplan turbine and, speaking generally of large turbines, it can 
be said that nearly every turbine manufactured in Europe nowa- 
days for a head less than, say, 100 feet, isa Kaplan turbine and 
only very few indeed are propeller or Francis turbines. This is 
due to the fact that Kaplan turbines, because of their smaller 
dimensions and higher speed of rotation, are hardly more ex- 


nowadays. 


pensive to install than propeller turbines and are therefore pre- 
ferred, even when the head and discharge variations are so small, 
or the number of units so large, that very little gain in power 
generation is obtained by the use of Kaplan turbines. The 
fact that the maximum efficiency of Kaplan turbines is higher is 
in itself sufficient justification for preferring this type of turbine. 
The maximum head for which each class of turbine is used has 
increased gradually, the maximum advance in this respect having 
been made with Francis turbines, for which the head has risen 
from 1060 ft to 1490 ft, i.e., approximately 40 per cent. In the 
same period the advance has been 25 per cent for Kaplan tur- 
bines (184 to 230 ft). 
only 2 per cent (5700 to 5800 ft) solely because there have not 


The advance in Pelton turbines has been 


been higher heads to equip. 

There also has been a general increase in the specific speed 
for the higher-head turbines, particularly in the field of Kaplan 
turbines. However, the highest specifie speed has not, gone be- 
yond the maximum of approximately 250 rpm reached over 20 
vears ago with some of the first Kaplan turbines ever built. 

Turbine efficiency has been improved step by step and has 
reached the present level which appears to be about 93 per cent 
for Kaplan, 2 per cent for Francis, and between 90 and 91 per 
cent for Pelton turbines. A number of test results have been 
published by various manufacturers showing efficiencies which 
exceed the foregoing by 1 or even 2 per cent, but the author is of 

1 Assistant Manager, Engineering Department, Charmilles Engi- 
neering Works, Ltd. 

Contributed by the Hydraulic Division and presented at the Annual 
Meeting, New York, N. Y., November 30 December 5, 1952, of 
Tue American or MecHAaNIcaL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, 
September 4, 1952. Paper No. 52—A-92. 
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the opinion that these exceptional figures have been favored by 
the inaccuracy inherent in the various methods for measuring 
discharge. It may be taken as probable that in such cases the 
inaccuracy of the measurements has been in favor of the turbine 
(as it can very well have been against the turbine in other cases 
where the efficiencies seemingly fell short: of expectation) and 
that the maxima stated have not, in fact, been exceeded, This 
question is discussed more fully in a later paragraph, 

Nevertheless, while no revolutionary invention has been 
achieved during the last decade or two in the field of hydraulic 
turbines, there have been many remarkable installations of all 
three types as noted in Tables 1, 2, 3, and 4, as well as many 
interesting improvements in the general and detailed design of 
the turbines and of their accessories. (Table 5 explains ab- 
breviations for the names of manufacturers mentioned in the 
paper and listed in preceding tables. ) 

There is no doubt that outside factors such as searcity of ma- 
terials during the war years, the high cost of materials and labor 
of postwar years, the extraordinary development of rock-drilling 
and earth-moving machinery, and so on, have been the factors 
which, directly and indirectly, have most influenced the design 
of water turbines in recent years 

In the 1930's, for example, a few underground stations were 
built, exceptionally on technical or economic grounds, but gen- 
erally as a protection against air attack in case of war, in spite of 
the fact that stations in the open would have been more eco- 
nomical, Since then the searcity and the high price of steel 
have made it. imperative to reduce to a minimum the length of 
the penstocks, particularly. 
tion can best be satisfied by 
the cost of much additional excavation, a great number of the 
stations recently completed or under eonstruction have been 


Since in many cases this condi- 
underground stations, even at 


built underground, not under compulsion of military necessities, 
but on purely teclinical and commercial grounds. 
Modern likewise has 
possible a number of low-head schemes in which great quantities 
of water are involved requiring very large slow-running ma- 


earth-moving machinery rendered 


chines. 

In such cases, as the actual dimensions of the turbines could 
not be reduced appreciably, the manufacturers have had to 
revise their designs and to develop units as compact as possible 
so as to reduce to a minimum the volume of rock excavation of 
underground stations or the over-all dimensions of the station 
buildings. 
door type of station, with generators unprotected by walls and 
roof. 
more popular in America than in Europe 


Similar considerations have given birth to the out- 


This last type of station seems, however, to have been 


GENERAL ARRANGEMENT OF REACTION-TURBINE UNtts 


Hydroelectric units at one time were and often still are con- 
sidered as being made up of two distinet machines, namely, a 
water turbine and an alternator, coupled together on the site of 
erection. In fact, these machines are nearly always supplied by 
two separate manufacturers who design their respective ma- 
chines independently after having exchanged the necessary in- 
formation to design his part of the unit (normal and runaway 
speeds, load on thrust bearing, W?*, dimensions of coupling 


* we 


4 
£ 
] 
| 
> 
§ 
f 
aa 
4 
7 
—_ 


4 


976 TRANSACTIONS 
TABLE 1 SOME HIGH-HEAD PELTON TL 
Head, Output, 
Power plant and location ft up 
Reisseck Austria 5800 31000 


Dixence Switzerland 5700 50000 
Fully Switzerland 5250 3000 
Mieville Switzerland 4750 47800 
Portillon France 4280 55600 
Pragnieres France 3920 100000 
Pianto Netto Italy 3920 14700 
La Bathie France 3820 96400 
Hissorte.. France 3700 34700 
Los Molles’ Chile 3460 11500 
Baton France 3430 3300 
Fond de France France 3370 48200 


® See Table 5 for complete names of manufacturers 


7 TABLE 2 SOME HIGH-HEAD FRANCIS TURBINES MANUFACTURED IN EUROPE 
Head, Output, Speed, 
e Power plant and location ft hp rpm Manufacturer? 
~~ Po Fionnay®....... Switzerland 1490 63200 750 Escher Wyss 
Limberg Austria 1430 77700 500 Escher Wyss 
Vinstra Norway 1360 69000 500 Kvaerner Brug 
Fiastrome Italy 1320 20140 1000 Escher Wyss 
7S Norway 1265 60000 500 Kvaerner Brug 
Bitto Italy 1225 14625 1260 Escher Wyss’ 
- Zapello Italy 1200 7500 1500 Escher Wyss 
ar od a® Rodund Austria 1130 66200 500 Escher Wyss 
Lages Brazil * 1100 54000 600 Charmilles 
—- a Lardit France 1100 20000 750 Charmillea with Alsthom-Charmilles 
~<é. Sampeyre Italy 1090 24500 750 Charmilles with Tosi 
Skjerka Norway 1066 23000 600 Kvaerner Brug 
= ba hed Piottino Switzerland 1060 32000 750 Charmilles 
7 Casteldelfino Italy 1025 20700 750 Charmilles with Tosi 
an Ixtapantongo . Mexico 1020 76000 500 Voith 
Bancairon. . . . France 1015 37100 750 Charmilles with Alsthom-Charmilles 
Forcacava> Brazil 1000 88000 375 Charmilles 
Waldeck Germany 1000 40000 Voith 
= Julia. . Switzerland 960 17550 1000 Escher Wyss 
sy Verbano Switzerland 955 40600 600 Escher Wyss 
a Provvidenza Italy 950 70500 500 Charmilles with Tosi — 
7 Unknown USSR 935 75000 428 Karlstad Ls 
Soverzene Italy 932 74000 428 Escher Wyss and Riva 
{ Canterno Italy 920 15000 750 Escher Wyss 
= Rjukanfos Norway 920 17500 600 Escher Wyss 
Dobsina Norway 910 14600 1000 Escher Wyss 
Wassen Switzerland 900 36600 750 Charmilles with Bell 


@ See Table 5 for complete names of manufacturers. 
6 Under construction. 


TABLE 3 SOME HIGH-HEAD KAPLAN Tl 
Rated, 
read, output, 

“+ a Power plant and location ft hp 
Bort-Rhue> France 230 31800 
: Barcis Italy 199 13600 
Requejada Spain 188 5730 
Rocchetta Italy 184 5000 
Invergarry” Scotland 177 28000 
— 4 Pollaphuca Ireland 165 25000 
Vara Italy 141 7500 
Ligga? Sweden 130 105650 
Lavey Switzerland 125 30000 
Hone Italy 12! 25000 
Im'Fout Morocco 120 22000 
Ermal Portugal 112 2750 
Marne taly 103 ! 7500 
Aswan? Egypt 102 65000 
: 102 16000 
Hojum Sweden 102 63900 
Karapiro New Zealand 42000 


@ See Table 5 for complete names of manufacturers 
» Under construction 


and soon). Thousands of such units, large and small, have been 
installed and operated successfully all over the world. 

However, as the units grow larger, it becomes more and more 
evident that appreciable savings can be made, not only in the 
cost of the turbine and alternator but also in the price of the 
powerhouse itself, when the turbine and generator are considered 
by the designers not as two separate machines but as components 
of one and the same machine, susceptible of combining into a 
more compact construction and a more satisfactory arrangement 
of the unit. 

Much has been done in this respect and Fig. 1 shows diagram- 
matically the various stages through which the design of large 
vertical hydroelectric units has passed in recent years and the 
arrangements which have been adopted for many of the larger 


6 These turbines operate with the highest head in the two American continents. 
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TRBINES MANUFACTURED IN EUROPE 
Speed, 
rpm Manufacturer@ 
750 Charmilles 
500 Charmilles 
500 Charmilles 
500 Charmilles 
500 Charmilles with Alsthom-Charmilles 
428 Neyrpic 
600 Riva mail 
428 Neyrpic 
600 Neyrpic 
1000 Charmilles 
500 Escher Wyss 
500 Charmilles with Alsthom-Charmilles 


used throughout paper. 


IRBINES MANUFACTURED IN EUROPE 


Speed, 
rpm Manufacturer® 
375 Neyrpic 
500 Escher Wyss 
500 Escher Wyss 
500 Charmilles with Tosi 
250 English Electric 
300 Charmilles with English Electric 
600 Charmilles with Tosi 
12 Karlstad 
214 Charmilles and Vevey 
250 Riva 
214 Charmilles with Alsthom-Charmilles 
500 Charmilles 
150 Karlstad 
375 Charmilles with Tosi 
100 Escher Wyss, Charmilles, 
250 and Karlstad 
136 Karlstad and Nohab 
167 Boving 


modern units manufactured in Europe. While these illustrations 
relate to Kaplan turbines, several of the arrangements naturally 
lend themselves to Francis turbines also. 

Arrangement 1 shows the “classical’’ setup of a unit with three 
guide bearings, i.e., with one turbine and two generator bearings 
and with the thrust bearing above the rotor, carried by trans- 
verse or radial arms spanning the rotor frame. 

Arrangement 2 differs essentially from arrangement 1 in that 
the thrust bearing is placed below the rotor. The supporting 
arms have to span the turbine pit only and therefore are shorter 
and, consequently, lighter and less costly than those of arrange- 
ment 1. This setup has been adopted for units with three as well 
as with two guide bearings. 

Arrangement 3 differs from arrangement 2 in that the genera- 
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Under construction. 
© F = Francis turbines. 
K = Kaplan turbines. 
P = Pelton turbines. 


TABLE AND LOCATIONS OF MANUFACTURERS 


5 NAMES 
LISTED IN TABLES 1 TO4 


Alsthom-Charmilles Bureau d'Etudes du Masteiel Hydraulique 
Alsthom-Charmilles, Paris, Fran 

4. G. der Maschinenfabrik von Th, Bell & Cie, 
Kriens, Switzerland 

Charmilles Charmilles Engineering Works Ltd., Geneva, 


Switzerland 


English Electric The English Electric Co., Ltd., London, England 


Escher Wyss... sis Escher Wyss A. G., Zurich, Switzerland 


Karlstad, Sweden 


Kvaerner Brug Abs. Kvaerner Brug, Oslo, Norway 

Beylier & Piccard Pictet & Cie, Grenoble, France 

Nydaqvist & Holm A. B., Trollhattan, Sweden 

Costruzioni Meccaniche Riva, Milan, Italy 

Franco-Tosi San Giorgio SAI, Milan, Italy 

nn Ateliers de Constructions mécaniques de Vevey 
S.A., Vevey, Switzerland 


Germany 


bearing which, like the thrust 
bearing, is placed below the rotor. This corresponds to the 
particularly favored by British 
The unit therefore comprises only two guide 
bearings, i.e., one generator and one turbine guide bearing. 

Provided the distance between the center of gravity of the 
rotor and the guide bearing is not too great, the thrust bearing 
below the rotor opposes a resisting couple to the effect of any 
out-of-balance of the stability of the 
rotating system. 


tor comprises only one guide 


umbrella type of generator, 
manufacturers. 


rotor which increases the 


The height of a generator of this type is usually less and, con- 
sequently, the station headroom in many cases can be reduced. 

differs essentially from arrangements 1, 2, 
and 3 in that the thrust bearing is placed on the head cover of 
the turbine. With this setup the heavy arms supporting the 


Arrangement 4 


thrust bearing are omitted entirely and are replaced by much 
lighter arms which have to carry only the generator guide bear- 
Moreover, when the thrust 
bearing is placed on the head cover, the stresses in the cover are 
reduced considerably owing to the fact that the upward thrust 
exerted on the head cover by the water pressure inside the turbine 
is balanced by the In the 
case of Kaplan turbines, for example, the magnitude of this 
upward thrust is of the same order as the hydraulie thrust ex- 
erted downward on the runner blades; the one 


ings, the exciters (if any), and so on. 


downward thrust on the bearing. 


balances the 


other with the consequence that whether the turbine gates are 


HY DRAULIC-TURBINE 


TABLE 4 SOME HIGH-POWERED TURBINES MANUFACTURED IN EUROPE 
Rated Rated 4 
head, output, Speed, ra 
Power plant and location ft hp rpm Manufacturer? 
Bort-les-Orgues France 336 150000 F< 187.5 Charmilles with Alsthom-Char- ¢ 
tilles and Neyrpic 4 
Chastang France 233 135000 150 Charmilles with Alsthom- 
Charimilles and Neyrpic 
Harspranget Sweden 344 133350 F 167 Karlstad : 
Sungari. Manchuria 226 115500 F 125 Escher Wyss 
Kilforsen Sweden 812 112730 F 167 Karlstad - 
Ligga? Sweden 130 105650 K 125 Karlstad 
Malgovert | France 24: 101500 P 128 Neyrpie 
Pragnieres France 100000 P 428 Neyrpic 
Genissiat France 95000 F 150 Charmilles Alsthom- 
Charmilles, Neyrpic, Karl- 
stad and Escher Wyss 
San Estaban Spain 338 90700 F 214 Karlstad 
Forcacava? Brazil 1000 88000 F 375 Charmilles 
Midskog III? Sweden 87 76570 K 115 Karlstad 
Witznau Germany 700 75000 F 333 Voith 
Castelo de Bode Portugal 320 73000 F English Electric 
Kaprun? Austria 1245 71000 F Escher Wyss 
Provvidenza Italy 950 70500 F 500 Charmilles with Tosi 
Andre Blondel France 78 70000 Kk 107 Charmilles with Alsthom- 
Charmilles and Escher 
Norway 1360 69000 500 Kvaerner Brug 
Afourer..... ss. Morocco 750 65000 F 28 Charmilles with Alsthom-Char- 
milles 
Aswan®.......... Egypt 102 65000 K 100 Escher Wyss, Charmilles, and 
Karlsta 


@ See Table 5 for complete names of manufacturers. 
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opened or closed, the I: ond that the head cover hi as to carry and to” 
transmit to the foundations is practically constant and limited to 
the weight of the rotor and runner, exclusive of the vertical com-_ 
ponent of the hydraulic thrust on the runner. Theoretically, 

therefore, the construction of the cover plate also could be light- 
ened. In actual practice, however, the saving in the weight of 
the cover plate is not important because of the greater rigidity 


which generally is sought on account of the thrust bearing. 


In the case of Kaplan turbines it is customary to use the servo-— 
motor cylinder as a support for the runner of the thrust bearing 
and to omit the collar normally provided with the thrust bear- 
ing. 
A comparison of arrangements 1, 2, and 3 with the following : 
arrangements shows that the gain in the height of the generator Ps 


leads to a more compact arrangement of the unit and to quite 
an appreciable saving in the volume of the foundations and in the 
height of the generator room. 

Arrangement 5 is, in principle, the same as arrangement 4 with 
the difference, however, that the servomotor cylinder is here made 
to serve also as the hub of the rotor. A spacer is inserted between 
the head cover and the thrust bearing so as to bring the latter — 
more or less on a level with the rotor. The guide bearing is 
placed below the thrust bearing 


This arrangement has the inconvenience that the 
bearing is not easily accessible for inspection and repairs 


8 arrangeme ine *niene thrust 

arine is asily acce inspection ‘pairs: various 
means have been proposed to obviate this inconvenience. In 
certain cases the spacer supporting the thrust bearing is split ; 
vertically and made so that the two halves can be separated 
horizontally and the shoe ring and runner lowered along the shaft P 
into the turbine pit where they can be repaired or even replaced : 
in case of necessity without dismantling any other part of the 
machine, In other cases the method of attaching the rotor arms = 
to the cylinder is so designed that the servomotor first and then 
the thrust bearing can be removed upward, with the rotor re- 
maining in position 

Arrangement 6 is similar to arrangement 5 with the difference 
that the runner servomotor has been separated from the thrust 
bearing so that the latter should be attainable after removal of ; 


the hub of the rotor and without having to dismantle the servo- 


motor as in arrangement 5. Another advantage of arrangement ; 


6 is the small station headroom required for dismantling purposes 
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owing to the fact that the shaft is divided, at the servomotor, in materials and in space and has its advantages and disad- ; 
into two approximately equal lengths. vantages, It cannot be said that any particular design is more — 

In this and al! preceding arrangements, an upper bracket is popular than the others, but the arrangement of the thrust 
necessary, even for the umbrella-type generator, to support the — bearing on the head cover is certainly very much favored for all - 
exciters and oil-supply head (combinator) at the top of the unit, — large units because of the saving not only in the cost of the tur-— 

Arrangement 7 shows the setup adopted for an outdoor station — bine and generator, but also in the total height of the umt and, — 
in which the alternator is provided with separate excitation and — consequently, in the cost of the powerhouse. 
in which the oil supply to the runner servomotor is combined with Figs. 2, 3, and 4 show the general assembly of some recent hy- 
the guide bearing below the rotor. droclectrie units which correspond to the arrangements illus- 
Rach of the foregoing arrangements leads to a certain economy trated in Fig. I 
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Pia. 2) or THE 150,000-He Bort-Les-OrGues FRAN- 
om Units Turusr Bearing Carniep py Uprer Cover Pilate 


Fig. 2 is a section through a vertical-shaft Franeis turbine for 
the Bort power plant in France, manufactured to the design of 
the author’s company. These turbines operate under 336 ft 
head, have a rated output of 135,000 hp, and a maximum output 
at maximum head of 150,000 hp. In this ease the thrust bearing 
is placed on the head cover (arrangement 4); it is of the type 
with fixed pads carried on flexible columns with direct water- 
cooling of the pads (Charmilles patent). The turbine guide 
bearing is of the self-lubricating type with a diameter of 45 in 
and is cooled directly by water circulating through coils em- 
bedded in the babbitt 

Fig. 3 is a section through a vertical-shaft Alsthom-Charmilles 
unit for the Ottmarsheim power plant (France), operating under 
68 ft net head, the output of each of the four turbines being 
56,200 hp. 
self-lubricating type and a thrust bearing supported from the 
head cover by a spacer so as to bring the thrust bearing more or 
The servomotor cylinder supports 


The unit comprises two guide bearings, both of the 


Aa 


less on a level with the rotor, 
the thrust-bearing runner and serves as rotor hub (arrangement 
6). The guide bearings as well as the thrust bearing are pro- 
vided with direct water-cooling of the pads, Fig. 5. 

Fig. 4 is a vertical section through one of the Voith-Kaplan 
turbines for the outdoor station of Neu-Otting in Austria. The 
mean head is 20 ft and each turbine supplies 10,500 hp at a speed 

of 68.3 rpm. This unit corresponds to arrangement 7, Fig. 1, 
with the thrust bearing supported by the head cover, two guide 
bearings, servomotor inside the hub of the rotor, and oil supply 
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of the servomotor situated below the rotor and combined with 


the upper guide bearing. 

This turbine, with its conical distributor, such as is occasionally 
used, especially when the space available is small and when the 
dimensions of the turbine and spiral casing have to be reduced to 
a minimum, embodies the direct control of the gate ring by two 
diametrically opposed servomotors with torus pistons rigidly 
connected to the gate ring (Voith patent), similar to that shown 
in Fig. 6. As these servomotors are secured to the head cover, all 
the forces of the gate control mechanism are transmitted through 
the turbine and none through the concrete. Certain turbine 
parts, particularly the head cover, require reinforcing but the 
counter part is a simplification and a saving on the concrete, 


GENERAL ARRANGEMENT OF IMPULSE TURBINES 


In horizontal-shaft units, the arrangement with the Pelton 
wheels overhung on one or both extremities of the generator 
shaft is standard for high-powered units, For heads more 
than 2000 ft Pelton wheels are operated by a single jet with 
few exceptions, whereas two jets per runner are quite frequent for 
heads less than 1500 ft. 

For vertical-shaft units, the arrangement of the turbine 
and generator follows the same trend as reaction turbines, i.e., 
toward a more compact construction of the unit treated as a 


whole. 

Fig. 7 is a case where the total height of a large Char- 
milles-Alsthom vertical unit has been reduced by support- 
ing the generator stator directly on the turbine housing and by 
reducing the number of guide bearings to two. The number of 
jets per runner is again more or less a function of the head, 
the number being generally two, sometimes three, for heads 
higher than 2000 ft and rising to four for heads less than 1500 
ft. To the author’s knowledge there has been no instance in 
Europe of more than four jets being used to actuate the same 
runner since the beginning of the century. 

There are several instances of straight-flow injectors, either of 
the loop type with the servomotor and mechanism controlling 
the needle located outside the injector body, Fig. 8, or of the bulb 
type with the needle-operating mechanism arranged inside the 
injector body, Fig. 9. However, the use of straight-flow in- 
jectors seems generally to have been limited to the cases of large 
horizontal units operating at very high heads of approximately 
3000 ft and more. For heads less than 3000 ft, the elbow type of 
injector, greatly improved as regards its general contours, has 
held its own and is still favored by most manufacturers. 

There can be no doubt that straight-flow injectors can but 
improve the turbine efficiency. Compared with well-designed 
elbow injectors, however, the improvement does not appear to ex- 
The difference is, nevertheless, smaller 


ceed afew tenths per cent. 
than the margin of exactitude of field tests and, to the author's 
knowledge, there is no case where it has been possible to de- 


termine, by comparative tests, the amount by which the turbine 


efficiency is improved by the use of straight-flow injectors. 


The general consensus of opinion among European manufac- 
turers is that the gain in efficiency obtained with straight-flow 
injectors is not so important for medium heads as to impose 
this type of injector at all costs when the general layout of the 
station is favorable to the use of elbow injectors, as it generally 
is for all multijet turbines and as it frequently is for single-jet 
machines, Hence straight-flow injectors are resorted te, par- 
ticularly in connection with very high-head turbines, in which tlie 
high pressure and increased water velocities have a relatively 
important influence on the jet formation and for which the gain 
in efficiency is certainly more important than it is in the case of 


medium or low-head installations. 
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(Generator is of umbrella type. To cylinder of runner servomotor are secured the arms of generator rotor and the 
runner of thrust bearing.) 


Move. Tests anp Tests 

The difficulty experienced in obtaining a satisfactory precision 
from efficiency tests carried out in the field, particularly in the 
ease of large low-head turbines, involving the measurement of 
great quantities of water, the high cost and long outages often 
entailed by such tests, and the fact that field tests generally 
supply only very limited information regarding the performance 
of the turbine because they can be made only under the limited 
conditions of head actually available on the day the tests are 
performed, have led manufacturers and users of water turbines 
to develop a more satisfactory and practical means for checking 
the performance characteristics of such machines. 

In actual practice the turbine is generally tested under condi- 


tions of head approaching as closely as possible the design head 
and if the performance of the turbine under these conditions com- 


plies with the guarantees given for this head, it is assumed that 
such will be the case also through the entire range of operation 
covered by the guarantees. Such tests, besides being to u cer- 
tuin extent unreliable because of their inherent inaccuracy (most 
test codes allow a well-founded tolerance of 2 per cent on ef- 
ficiencies) give no information regarding the operation of the 
turbine under conditions of head which differ appreciably from 
those under which the turbine has been tested. The latter de- 
ficiency is particularly serious in the numerous installations, 
generally equipped with Kaplan turbines, where the head varies 
between wide limits, a good example being the Aswan turbines 
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designed for operation under a head which varies between a The models for such tests naturally must be true homologous 

. maximum of 102 ft and a minimum of 26 ft. models of the spiral casing, turbine. and draft tube, and must 
include a sufficient length of the conduits upstream and down- 

stream of the turbine to insure complete similarity in the condi- 


| 
| 


e to test the performance of such large turbines on a reduced-scale 
* model of the turbine and to accept the results given by such tions with which the water approaches the spiral casing and 


For the foregoing reasons it is becoming increasingly the custom 


tests, corrected by means of the recognized step-up formulas, leaves the draft tube. 
As measurements in a test laboratory can be carried out with 


a high degree of precision, the 2 per cent measuring tolerance 


as giving a true conception of the performance of the machines 
from the technical as well as the contractual aspects. 
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is generally reduced when the performance of the turbine is de- 
termined by this method. 

Objections have been raised that this method of testing the 
performance of the turbine introduces a new element which is 
itself a pessible source of inexactitude, namely, the step-up 
formula used to compute the performance of the full-sized turbine 
on the basis of the model-test results. The criticism, which in fact 
is aimed at the formulas more than at the model tests them- 
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selves, is receiving the attention it deserves, and manufacturers 
are constantly on the lookout for opportunities to compare 
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On account of the 
inexactitude inherent in fieid tests, it is only on the basis of a 
large number of such comparisons that a reliable justification 
will be found for improving, if necessary, the presently accepted 
formulas. 

The following points should be borne in mind: 


1 The formulas affect only the few per cent by which the meas- 
ured efficiencies fall short of 100 per cent, i.e., 10 points for a 
turbine with an efficiency of 90 per cent, forexample; therefore 
5 per cent error in the formula corresponds to 0.5 per cent error 
in the computed efficiency of the full-sized turbine. The error 
introduced by the step-up formula therefore can be expected, 
in most cases, to be smaller than the 2 per cent tolerance con- 
nected with field tests. 

2 Model tests do not necessarily mean that field tests can or 
should be omitted systematically. On the contrary, whenever 
field tests can be carried out under favorable conditions and 
without excessive costs, these should be made in addition to the 
(a) Even if the field tests 
can be made under one head only, the comparison between the 
efficiency curve, obtained under this head with that obtained 
under the corresponding conditions with the model, usually 
supplies a sound basis for computing the performance of the 
full-sized turbine through the whole seale of heads for which it is 
designed, and (b) tests made simultaneously on full-sized and 
model turbines are a useful contribution for improving the exact- 


model tests for two main reasons: 


ness of step-up formulas. 

The formulas which are used most frequently in Europe are 
Moody’s formula, well known to all American turbine specialists, 
and Ackeret’s formula, based entirely on Reynolds number 

al 


m= (1 mo fre ] 


= hydraulic efficiency of turbine 
= hydraulic efficiency of model 
= Reynolds number of turbine 


= Reynolds number of model 


The comparison and the discussion of the merits of these two 
formulas are in themselves a subject of sufficient importance for 
a complete paper and will therefore not be dealt with here. 


MATERIALS 


The choice of materials varies considerably from one manu- 
: facturer to another. In certain countries, where good castings 
are difficult to obtain locally in a reasonable time, there is a 
marked trend toward welded construction, not only of the spiral 
q casings, but also of the stay rings, head covers, gate rings, and 
even gates (see Fig. 4, for example). On the whole, most Huro- 
pean manufacturers still make a liberal use of cast iron and cast 
7 steel. These materials, though heavier than fabricated steel, 
are not necessarily more costly and they have the advantage, for 
F large machines particularly, of being more rigid. 
The situation is similar as regards the use of stainless steel. 
Castings are used liberally whenever good ones are obtainable at 
reasonable prices; the use of stainless-steel overlays, in strips or 
by welding, is resorted to mainly in those cases where solid cast 
or forged stainless-steel elements are not readily obtainable. 
Attempts have been made to fabricate such complicated parts 
as Francis runners or Pelton buckets with cast and laminated 
stainless-steel elements welded together, but these still are the 
exception, and the present trend is definitely in the opposite 
direction, i.e., toward integrally cast runners. 
In the case of Pelton wheels, for example, in the majority of 
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cases all the runner buckets are cast in one piece, either in the 
form of a ring of buckets or integrally with the disk and coupling 
flange, whether the runners are made of carbon steel, nickel steel, or 
chromium steel; only in exceptional cases do certain European 
manufacturers still resort occasionally to bolted-bucket construc- 
tion. 

Whereas the Dixence runners, made in 1931, comprise separate 
forged-steel buckets dovetailed in a cireular groove machined 
in the periphery of the disk, the runners of the Reisseck turbines 
now under construction for practically the same head (see Table 
1) will be composed of integrally cast runners made of 13 per cent 
chrome 1 per cent nickel alloy fixed to the generator-shaft ex- 
tremities. 

The grade of stainless steel which in Europe is most favored for 
water-turbine construction is that containing 12 to 14 per cent 
chrome with or without a touch of nickel (approximately 1 per 
cent). These alloys have a high resistance to cavitation and can 
be treated to give a mechanical resistance which is considerably 
higher than that obtainable with the 18-8 grades of stainless 
steels. They therefore resist erosion better and are at the same 
time easier to machine and less liable to seizure. Moreover, they 
can be welded in the field, provided that certain precautions are 
taken (preheating of the parent metal), without its being neces- 
sary to heat-treat the welded metal. However, 18-8 grades of 
steel in this respect are more favorable than the 13-1 grades. 

The fact that they are weldable is one of the main reasons for 
which stainless steels in many cases are preferred to manganese 
or phosphorous bronze for turbine parts subject to cavitation. 
However, bronze is still much in favor because, in actual practice, 
it resists pitting remarkably well even though certain labora- 
tory tests class bronze below stainless steel in the range of cor- 
This is doubtless owing to the fact that 
the experimental devices used in certain research laboratories for 
accelerating the pitting of test bars give rise to a form of cavita- 
tion which is not entirely comparable with that which occurs in a 
Francis turbine, for example. 

Among the many bronze runners which have given good serv- 
ice are those of the 33,000-hp Piottino Francis turbines operat- 
ing at a head of over 1000 ft; one of the original runners supplied 


rosion-resisting alloys. 


in 1932, with the turbine, and which is still in use, has now totaled 
over 120,000 hr of actual service and nearly 1,500,000,000 kwhr 
with water which is clear in winter but which, in summer, carries 
a fair amount of sand of a particularly abrasive nature. 

Figs. 10 to 13 are examples of large Francis and Pelton runners 
cast in one piece and made of carbon steel or of chrome-nickel 
alloys. 

Stainless steels also are being used quite frequently for the 
gates and for the wearing plates and rings protecting the dis- 
tributor cheeks and the runner clearances of high-head Francis 
turbines. 
many years with the 52,000-hp turbines of the Lages power plant 
(Brazil) and the 33,000-hp turbines of the Piottino power 
plant (Switzerland) all of which operate with a head of approxi- 
mately 1000 ft. The original carbon-steel gates and wearing 
rings of these turbines were replaced by stainless-steel gates and 
rings having exactly the same physical properties as the original, 
i.e., the same breaking stress, elongation, and Brinell hardness. 

In the case of Lages, where the water is chemically active 
(marsh water), the life of the wearing plates and rings has been 
increased severalfold since they have been made out of stainless 
steel. In the case of Piottino, where the water is chemically 
neutral but carries a fair amount of abrasive sand, the use of 
stainless steel also has increased the average life of the wearing 


Of particular interest is the experience gained over 


plates and rings but in a lesser proportion. 
The last set of wearing plates and rings installed in the Piottino 
turbines, for example, at the time of writing, had over 26,500 hr 
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of service and were still in good repair. Stainless-steel gates like- 
wise have proved to last appreciably longer than carbon-steel 
gates in both installations. 

Experience gained with these and with many other similar 
machines proves that the use of stainless steel increases apprecia- 
bly the periods between consecutive overhauls of the turbines for 
reconditioning purposes and that the reduction of the number of 
outages more than compensates for the higher cost of stainless 


steel. 


GOVERNORS 


= There have been quite important developments in recent years 


in the design and manufacture of speed governors. These de- 
velopments have aimed not only at improving the speed regula- 
tion of units operating singly or on a transmission system but also 
at a better stability of the speed regulation with reduced genera- 
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(Made of stainless-steel alloy containing approximately 
13 per cent chrome and 1 per cent nickel. Finished 
weight 15 tons.) 
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separate carbon-steel disk, Weight of unit 6 tons.) 


tor-flywheel effects and at a more rational control of the inter- 
change of power at the interconnections between two or several 
stations, or group of stations, 

For many years the author's company was the only one to 
manufacture the “speed-acceleration” governor. It is now being : 
manufactured by two other companies (Vevey and Riva) ac- 
cording to their own design, 

The term speed acceleration is intended to classify a type 
of speed governor which, in addition to the usual speed-respon-— 
sive element or “flyball” common t» all speed governors also 
embodies an acceleration-responsive element or “accelerometer” — 
which makes use of the accelerations, positive and negative, 
attendant on any variation of speed, for regulating the speed. 

The reason that the accelerometer improves the speed regula- 
tion so considerably is to be found in the fact that acceleration is — 
the first derivative of the controlled variable speed and, therefore, — 


; Be 


i.e., before the speed has had time to vary. Therefore the ac- 
celerometer starts the governor on its corrective stroke at ful! 
speed before the flyball has even had time to register any apprecia- 
ble variation of the speed. 

‘The sensitiveness of speed-acceleration governors is enhanced 
by certain construction features, the most important of which are 
the following: 


| The flyball and the accelerometer are entirely distinct and 
mechanically independent of each other; the relative importance 
of speed effect and acceleration effect on the regulation therefore 
can be adjusted at will to meet the particular requirements of 
each individual installation. 

2 Friction has been eliminated completely from the flyball 
and the accelerometer-suspension systems as well as from the 
system transmitting their movements to the relay valve con- 
trolling the servomotor control valve. In other words, the gover- 
nor head involves no fulerum pins, sliding rods, bearings, or the 
like, all of which impair the sensitivity of a governor. 

4 The accelerometer has a pre-eminently stabilizing effect 
on the regulation, particularly for very small accelerations and 
*decelerations, as can be demonstrated readily by a mathematical! 
analysis of its function, Consequently, the dashpot, indispensa- 
ble in all purely speed-sensitive governors, which gives rise to a 
temporary compensation for the purpose of stabilizing the regula- 
tion and which is another source of insensitivity of the governor 
is omitted completely from the governor. 

{4 With a speed-acceleration governor, isochronous control ot 
the speed is obtainable without any detriment whatever to the 
stability of regulation, 


Another development in the design of speed governors is the 
purely electric governor in which the flyball has been replaced by 
a frequency-sensitive element which controls directly, by me- 
chaneal or clectronie means, the relay valve operating the servo- 
motor. These have aimed at increasing the sensitivity of the 
regulation by suppressing the friction which exists in most stand- 
ard centrifugal-ball heads. However, this type of governor, like 
all flyball governors, lacks the derivative control and therefore 
embodies the temporary compensating mechanisms (dashpot or 
similar electric device) which are necessary to obtain stability of 
regulation. 

The question of the stability of speed regulation also has re- 
ceived much attention in recent years because, as the units be- 
come larger, the natural tendency is to reduce the specific inertia 
of the generators for reasons of economy, whereas, in theory, 
larger units on the contrary call for higher inertias in order to 
keep the balance with the higher hydraulic inertia pertaining to 
turbines with larger physical dimetsions, 

This has led to a detailed investigation and analysis of the 
various self-stabilizing effeets which are to be found in varving 
degrees in the transmission system to which the units are con- 
nected and those which can be developed artificially to com- 
pensate for a deficit in the generator inertia. The theory of 
stability has been established by various authors, particularly 
by Tolle? and by D. Gaden,* but the number of tests carried out 
on actual transmission systems are, fer the time being, not 
numerous enough to supply reliable data regarding the degree of 
self-stabilization which transmission systems normally can be re- 
lied upon to supply. Therefore there is no unanimity of opinion 
on this subject. It is clear, hovever, that important networks 
generally have a marked self-stabilizing effect and that units 

?"Die Regelung der Kraftmaschinen,"” by Max Tolle, Julius 
Springer, Berlin, Germany, 1921. 

*“Considérations sur le Probléme de la stabilité,"’ by D. Gaden, 
La Concorde, Lausanne, Switzerland, 1945. 
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permanently connected with such systems do not require the 
amount of inertia which would be necessary to obtain a satis- 
factory stability of the speed regulation when operating inde- 
pendently on a water resistance, for example. 

One of the means for improving the stability of speed regula- 
tion which has been used in a certain number of cases, always with 
complete success, consists in assigning to the voltage regulator « 
certain droop of the voltage in function of the speed within the 
limits of a certain band of frequency. This band can be kept 
fairly narrow (a few tenths of a cycle) since the instability occurs 
at steady load; i.e., it is caused by the continuous small and 
gradual variations of the load which occur under steady-load 
conditions. In order to preclude unnecessary variations of the 
voltage, the governor is set for isochronous regulation so that the 
frequency under steady load should remain constant whatever 
the load; only momentary variations of the voltage therefore 
oceur. This artifice amounts to changing the slope characteris- 
tic of the load torque and thereby rendering it more favorable 
in respect to the slope characteristic of the driving torque in 
order that the two should cut each other under the widest angle 
possible instead of being more or less parallel at their point of 
intersection as they are when the voltage regulator regulates at 
constant voltage and when the load is essentially ohmic. 

On the Continent there are many privately or publicly owned 
transmission systems, each with its generating and consumer 
centers which are all interconnected and between which there is 
a regular interchange of power. 

Various methods have been devised and tried out for the regula- 
tion of the frequency and of the power flow exchanged between 
the systems at the interconnections. Most known systems com- 
prise in principle a power-flow-sensitive element or wattmeter 
at the interconnection which controls, by telemeter, the setting 
of the speed-adjustment device of the unit or units which have 
heen provided to regulate the power flow at the interconnection. 
These systems generally have recourse to a motor controlling the 
governor indirectly through the medium of the speed-adjustment 
device and intermittently, i.e., by impulses transmitted by the 
wattmeter measuring the power flow at the interconnection. 

An important improvement in this method of power flow and 
frequency control has been contributed by Brown Boveri- 
Charmilles. This improvement is that each of two interconnected 
systems comprises at least one generating unit detailed to control 
the power flow at the interconnection, arranged for isodrom 
regulation, i.e., without permanent speed droop in respect to 
load variations within the system (by suppression of the normal 
return-motion gear of the governor) and provided with a special 
compensating device conferring to the unit a well-defined speed 
droop in relation to the tie-line load. This droop is obtained by a 
direct and continuous feedback device controlled through the 
medium of an appropriate telemetering circuit by a specially 
designed wattmeter recording the power flow at the interconnec- 
tion. The fact that the control of the governor is direct (with- 
out passing through the speed changer) and that it is continuous 
insures a stable, accurate, and instantaneous tie-line control. 
The device establishes a distinction between load changes inter- 
nal to the system and those which occur outside of it; each system 
is directly responsible for the regulation of its own internal 
load variations with the understanding, however, that a limited 
departure from the scheduled tie-line load is admitted in the event 
of one of the two svstema momentarily failing to meet its own 
internal-load variations, i.e., if there is an accidental variation 
from scheduled system frequency. 


GATES AND Srop Logs 


In Lurope there are a number of large, low-head, Kaplan-turbine 
installations in which the gates at the spiral-casing inlets have 
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been omitted and replaced by one (or two) sets of stop logs and a 
traveling gantry crane serving to place the stop logs in the 
_ grooves of any of the turbines. 
In such installations the security in case of emergency is en- 
tirely dependent on the reliability of the governor mechanism 
controlling the turbine opening; consequently, all necessary 
instruments and safety devices are supplied to render the oil- 
pressure system of the governor as reliable as possible and to 
close the turbine completely before the reserve of oil pressure 
in the air vessel is exhausted. However, as an accidental break- 
_ down of the oil-pressure supply inevitably would mean a com- 
plete runaway of the unit with no means of stopping it, save 
by placing the stop logs in the grooves, it is customary in such 
- cases to provide the turbine with an additional emergency device 
independent of the governor system, comprising essentially a 
heavy-duty overspeed flyball and a high-pressure oil pamp which 
normally runs light, both of which are controlled mechanically 
off the turbine shaft by gears. 

If all the normal safety devices operating with the governor oi! 
pressure fail and the speed of the unit reaches that for which the 
fivball is set, it automatically will put the high-pressure pump 
under pressure and switch it on the closing cylinder of the runner 

 servomotor after disconnecting it from the governor oil system 
_ The complete closure of the runner blades thereby obtained re- 
_ duces the runaway speed of the turbine below normal and simul- __»p,,, 


15 Srratcnt-Frow Varve, Diamerer 132 In. ror Heap or 
_ taneously reduces the discharge through the turbine to a fraction 320 Fr 
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of full-load discharge (depending on the specifie speed of the 
runner). All danger of a prolonged runaway of the unit is thereby 
eliminated and the stop logs and gantry crane are designed for 
placing the stop logs in position with the reduced discharge. 

This emergency device has been installed and tested in connec- 
tion with the closing of the runner blades and the reduced run- 
away speed as well as with the placing of the stop logs. It al- 
ways has proved entirely satisfactory and reliable on test but 
the author does not know of a single case where the breakdown of 
the normal governor system was so complete as actually to set the 
emergency device in operation. 

In one large low-head installation in France considerable 
economy was realized in the cost of the gates designed to cut off 
the flow of water in case of breakdown of the turbine control 
mechanism by locating the gates at the restricted section of the 
draft tube, immediately downstream of the elbow, where the flow 
section is considerably smaller than it is at the spiral casing 
inlet. 

Recently the English Electric have manufactured several 
straight-flow valves of the type illustrated diagrammatically 


in Fig. 14. The largest of these, with a diameter of 152 in. for 


a head of 320 ft, is shown in Fig. 15 


Discussion 


Rurus OLDENBURGER.* In his excellent paper the author calls 
attention to the subject of speed-acceleration governors. At the 
writer’s company, we have been making an extensive experi- 
mental and mathematical study of such governors, 
matical study has been greatly assisted by the use of an analog 
electronic computer.’ This work is still going on, and shows that 
an understanding of speed-acceleration governors can be ob- 
tained only by careful consideration of their advantages and 
disadvantages. 

In so far as performance is concerned, the dashpot governor, 
in its basic form, is merely a speed-acceleration governor with 
an additional lag. To clarify this, consider the differential equa- 
tion of each type of governor, relating its input and output. 
An equation of the form 


2’ = —(ad + bd’)....... [1] 


adequately describes the simplest type of isochronous speed- 
acceleration governor, where z’ is servo piston speed, a and b are 
constants, @ is speed deviation from equilibrium, and @’ is 
Corresponding to Equation [1] there is the equa- 


The mathe- 


acceleration. 
tion 

Tz" +2' = —(ad + bd’).... [2] 
for the simplest type of isochronous dashpot governor where 
Tz" is a lag term with time constant 7’. Here z” is the rate of 
change of z’.. When the dashpot governor is adjusted so that 
this lag is small, the equation of the dashpot governor becomes 
identical with that of a speed-acceleration governor and the corre- 
sponding performance is the same. However, in the case of the 
dashpot governor, the constants a, b, and 7' are not independent. 
Adjustment of one of these may affect the others noticeably. In 
the normal version of the speed-acceleration governor with Equa- 
tion [1] the constants in this equation are independently adjusta- 
ble. This mathematical advantage has not been realized ade- 
quately by present speed-acceleration governors. Vield adjust- 
ment of these governors is generally an extremely difficult task 
in spite of the fact that European governor manufacturers make 
governors only for their own wheels. 


* Mathematician, Woodward Governor Company, Rockford, Illi- 
nois. Mem. ASME. 
* Philbrick computer on real and fast time scales. 
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If the speed-acceleration governor has a relay, Equation [1] 
will still apply provided that the lag in the relay is not too great. 
The same remark applies to Equation [2] and dashpot governors. 
Even where Equations [1] and [2] do not strictly apply, the re- 
marks to follow hold for all speed-acceleration and dashpot 
governors, even though we shall constantly refer to Equations 
{1} and [2]. 

Equations [1] and [2] no longer hold when discontinuities in 
the governor are reached, as when the servo piston is at one end 
of its stroke. The foregoing comparison holds for the normal 
area in which these types of governors are usually studied. 

In the dashpot governor there is feedback from the servo to the 
pilot valve. This is not present in the speed-acceleration gover- 
nor. If the servo or gates stick or perform badly for other rea- 
sons, so that the output does not follow the input, the dashpot 
governor may compensate through its feedback for servo mal- 
functioning, somewhat as negative feedback in an electronic 
amplifier makes up for undesirable phenomena arising in the 
amplifier. In one test we obtained a hunt when we ran an engine 
with a speed-acceleration governor, and by changing over to a 
dashpot governor, keeping the same servo and same speed- 
measuring means, and adjusting the new governor to satisfy 
the same Equation [1] as the speed-acceleration governor (the 
time constant 7’ was made negligible) completely satisfactory 
performance in agreement with the mathematical solutions of the 
differential equations was secured. The dashpot governor com- 
pensated for a jiggle that we found in the servo. This jiggle 
was causing the trouble. By changing the servo to one that oper- 
ated more nearly according to the mathematical design equation, 
completely satisfactory performance of the speed-acceleration 
governor was secured. The speed-acceleration governor (the 
servo included) thus requires better components than the dash- 
pot governor. When something is wrong in the speed-accelera- 
tion governor, one must go through a much bigger feedback 
path, involving the prime mover, to make correction. In a 
sense, the dashpot governor is a tighter governor. 

The often-made claim that the speed-acceleration governor is 
better than the dashpot governor because it senses acceleration 
directly, and starts correcting immediately on sudden load rejec- 
tion, can be very misleading. As can be seen from Equation |2}, 
the dashpot-type governor responds to acceleration. Upon 
sudden load rejection the prime-mover speed will start changing 
immediately, at least for practical purposes, and the dashpot 
will start differentiating, yielding the acceleration term bd’ in 
Equation [2]. 

We have calculated for many cases just what would happen if 
there were a definite dead time or lag before the pilot valve started 
responding, and have found in all cases, assuming worse condi- 
tions than would occur in practice, that this is such a short frac- 
tion of the total transient, the resulting effect on overswing is 
small and certainly no justification for changing to the accelera- 
tion type. This has been borne out in our experiments. If this 
lag were objectionable it would appear that the dashpot governor 
should be redesigned to eliminate or reduce it to a satisfactory 
figure. 


Past stability studies have been concerned almost entirely with — 


isolated systems, such as the unit off the line or with the unit 
against an infinite bus. This remark is true of the Tolle and 
Gaden references of the present paper. 
cellent frequency-response work of the Swedish ASEA firm re- 
ported to the 1950 CIGRE conference in Paris. In this work the 
differential equations of the entire Swedish power system were 
obtained empirically by oscillating the gates of one wheel and 
recording the response of the frequency of the system. Monsieur 
Daniel Gaden of Charmilles, dean of governor mathematical 
experts, has done an invaluable service in deriving and clarifying 


An exception is the ex- 


: 
| 
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equations for units off the line, especially as they are affected by 
water-hammer phenomena. In his studies, Gaden relates the 
WR? of the unit to the control of this unit with a speed-accelera- 
tion governor but, unfortunately, adequate mathematical and 
practical experience with governed power systems is lacking. 
In collaboration with the Southern California Edison Company 
and the General Electric Company, the writer’s Governor Com- 
_ pany is now engaged in the study of the differential equations of a 


large system with the that correct and a ace urate con- 


In the spring of 1952, Forrest Drake, chief engineer of the 

writer's company, and the writer went to Europe to learn as 

much as we could about foreign experience with speed-accelera- 

‘ tion governors. Among other companies we visited Charmilles, 

Brown Boveri, Escher Wyss, Riva, and Tosi, the first three in 

Switzerland, and the last two in Italy. We spoke to Messrs. 

~*~. Gaden, Bovet, and a number of others engaged in water-wheel- 

— governor design. Of these companies, Charmilles, Riva, and 

Tosi manufacture speed-acceleration governors. All of the ac- 

thet ce ‘leration-governor manufacturers stated that they were unable 

to drive their speed-acceleration governors from gears or syn- 

‘hronous motors. The effect of the lag term 72" in Equation [2] 

is to filter the noise coming into the governor with the speed sig- 

ial. By “noise” we mean the undesirable part of the signal in- 

put to the governor, that is, the part of the input signal that is not 

_ prime-mover speed (or acceleration), or at least the part of the 

signal to which we do not desire to respond, such as the high- 

frequency swings of a power system. In the speed-acceleration 

governor the noise is not filtered by a lag term such as 7'z 

and this governor is therefore much more sensitive to noise. 

This type of governor is driven directly or through an induction 

- motor with a small slip. Monsieur G. Belfis of the electrical 

on Société Alsthom, and president of the French Society of 

- Electrical Engineers, told me that when the speed-acceleration 

— governor has been shaft-driven, shaft eccentricities have caused 
considerable trouble. 

Both Brown Boveri and Escher Wyss have built speed-accelera- 


tion governors, and dropped them, Mr. T. Stein of Escher Wyss, 


in various papers® explains, through mathematical and physical 
_ theory, why his company prefers the dashpot governor. 

Tosi, which built the Charmilles speed-acceleration governor 
from 1927-1938, has switched to a mercury spiral-type speed- 
acceleration governor with no adjustments, thus losing the ad- 
vantage of making the governor equation fit the unit or system 
being governed, Dr. Alberto Cita, inventor of the Tosi governor, 
reports that the difficulty of making adjustments on the adjusta- 
ble type of speed-acceleration governor was the major con- 
sideration in changing to the present design. 

In present v ater-wheel-dashpot governors servo movement is 
obtained for a sustained frequency deviation of '/,j0 of 1 per 
cent. The speed-acceleration governor manufacturers claim the 
same performance for their governors, and response to accelera- 
tions of '/,00 of 1 per cent of maximum acceleration. The ratio 
b/a of derivative to proportional action ranges from 0 to 5 or 10 
on adjustable-speed-acceleration governors. The same range, 
0 to 10, is easily obtained with dashpot governors. 


J. Ruemncans.’? The author has presented an excellent 
account of the trends of hydraulic-turbine design in Europe. 


**Die Optimale Regulung von Wasserturbinen,”’ by T. Stein, 
Schweizerische Bauzeitung, vol. 70, 1952, pp. 287-292. The same paper 
appeared in L'Energia Elettrica, April, 1951. See also, ‘*Drehzahl- 
reglung der Wasserturbinen,"’ Schweizerische Bauzeitung, vol. 65, 
September-October, 1947, pp. 531-535, 543-547, and 564-568, 

7 Manager, Hydraulics Section, Power Department, Allis-Chal- 
mers Manufacturing Company, Milwaukee, Wis. Mem. ASME. 
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It is interesting to note, however, that some of these — 
Luropean trends were used on hydraulic turbines in this country 
about 45 years ago and were discarded. Particular reference is 
made to the placing of the main thrust bearing on the turbine | 
head cover. Fig. 16 of this discussion is an assembly showing 
this type of arrangement for three Francis turbines installed 
in 1906, for the Great Northern Power Company, Duluth, Minn. 
Each of these turbines was rated 13,000 hp, 350 ft head, 375 rpm_ 
and set a world’s record at that time, both for physical size and 
capacity. Fig. 16 also shows the bearing-oil pump being gear-— 
driven from the main shaft as shown in some of the figures in the 
author’s paper. Utilization of the main shaft for driving auxil- 
iary equipment has been largely discarded in this country. 

A similar arrangement of supporting the thrust bearings on the — 
head covers was used for the twelve units for the Keokuk Power — 
Plant of the Mississippi River Power Company. The units were— 
installed about 1912 and were rated 12,000 hp, 34 ft head, 57.7_ 
rpm. Undoubtedly, there were other installations during this 
period which used a similar arrangement of thrust bearings. 

These arrangements were more or less forced upon the turbine 
manufacturers at that time because they were actively pioneer- 
ing in vertical units and increasing the size and capacity of the 
turbines. The generator manufacturers were not ready to as- 
sume the full responsibility for carrying the increased turbine 
thrusts. This condition changed about the time Kingsbury 
developed his thrust bearing, and the generator manufacturers 
started to incorporate the thrust bearings in the generators. In 
this country it is felt that by locating the thrust bearing in the 
generator we obtain a simpler and less costly design. We also 
obtain greater accessibility to the turbine parts and require less 
headroom for a comparable degree of accessibility. This is 
borne out by the fact that the earlier methods of supporting 
the thrust bearings on the cover plates were discarded completely 
in this country about 1915 and have never been revived. 

In describing arrangement IV, Fig. 1 of the paper, the author 
states that when the thrust bearing is placed on the head cover, 
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the stresses in the cover are reduced considerably owing to the 


fact that the upward thrust exerted on the head cover by the 
water pressure inside the turbine is balanced by the downward 
thrust on the bearing. This, of course, is true only for propeller- 
type turbines. For Francis turbines the upward thrust on the 
head cover is only a small percentage of the hydraulic thrust on 
the runner and no similar balance of load will be obtained. 

I:ven on a Kaplan or fixed-propeller unit the weight of the ro- 
tating elements of the generator and turbine about equal the 
hydraulie thrust, and, therefore, the cover plate must be able to 
transmit this considerable load, 

In supporting the thrust load on the head cover, it should be 
remembered that the cover must be rigid enough to prevent dis- 
tortion, Which would bind the wicket-gate stems and gate-operat- 
ing mechanism. 

We cannot agree with the author's statement that the maxi- 
mum efficiency of a Kaplan turbine is higher than that of a fixed- 
blade propeller turbine. The very nature of the Kaplan turbine 
which utilizes the envelope of the maximum efficiency of a large 
number of varying fixed-blade runner tilts, shows that it could 
not have a higher maximum efficiency than the fixed-propeller 
turbine with blades set at that tilt which produces maximum ef- 
Actually, the Kaplan runner is 
designed to give good efficiency over a wide range of tilts and 


ficiency in the Kaplan turbine. 


therefore necessitates a compromise design at its best tilt, whereas 
the fixed-blade runner can be designed for its best performance at 
a single angle of tilt. Therefore, theoretically, a fixed-blade run- 
ner should give higher maximum efficiency than Kaplan runners. 

We also cannot agree with the author's statement that the 
level of Kay lan-turbine efficiency is 93 per cent, while that for 
Francis tur ines is only 92 per cent. There are many actual 
records of field tests on Francis turbines made with reliable 
methods of discharge measurement under ideal test conditions, 
which show efficiencies between 92 and 95 per cent. On the other 
hand, there are few records of field tests on Kaplan turbines which 
show efficiencies above 92 per cent. Of course there have been 
very few field tests made on Kaplan turbines because of the 
difficulty of measuring accurately the discharge of large quanti- 
ties of water, as was pointed out by the author. Thus our prin- 
cipal method for comparing the performance of Kaplan turbines 
with Francis turbines has been the model tests. In general, up 
to the present time, model tests have shown higher efficiencies for 
Francis turbines than for Kaplan turbines. It would be interest- 
ing if the author could state that the reverse of this has been true 
in European model-test work. 

In regard to the author’s statement that the resistance of 
bronzes in actual practice is different from laboratory-test re- 
sults, reference is made to a paper by the writer.’ This paper de- 
scribes the remarkable resistance to pitting of certain aluminum 
bronzes (AMPCQO), as tested in the research laboratory. The 
tests indicated that some of these bronzes had twice the resist- 
ance to pitting compared to the best stainless-steel castings. 
At the time that paper was presented there were very few field 
data available regarding the performance of aluminum-bronze 
runners in actual operation, However, the statements by the 
author of the satisfactory performance of bronze runners, and 
additional operating experience in this country, indivate that 
aluminum bronze has the resistance to pitting indicated by the 
accelerated cavitation tests. 

It is quite possible that the bronze runners referred to by the 
author as giving such satisfactory field performance were also 


of the aluminum-bronze type. It would be of considerable inter- 


*See “Recent Developments in Francis Turbines,”” by W. J. 
Rheingans, Mechanical Engineering, vol. 74, 1952, table 4, p. 189. 
* ‘Accelerated Cavitation Research,’ by W. J. Rheingans, Trans 
ASME, vol. 72, 1950, pp. 705-719. psieiliill 
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est to investigate this further and determine the composition of 


these bronze runners. 


H. 5. Van Parrer.!® 
paring this excellent paper. It contains a good deal of information 
regarding current practice in Europe which, in some cases, dif- 
The writer believes 
that this paper will be an important addition to the records of our 


We are grateful to the author for pre- 


fers considerably from American practice. 


Society. 

The author’s comments on the relative maximum efficiencies 
of the different types of turbines are somewhat surprising in 
that he places the Francis type 1 per cent lower than the Kaplan 
type. It is well recognized that there is a considerable variation — 
in maximum efficiency of each turbine type in relation to specific — 
speed and it is presumed that the percentages given refer to — 
On this basis the author's stated opine 
ion that a maximum efficiency of 92 per cent has not been ex- — 


optimum specific speed. 


ceeded with Francis turbines of European design indicates the 

need of further improvement of this tvpe. The writer believes | 
. . . . 

that the taaximum efficiency of large Francis turbines in the .\V, 


of 94 per cent and higher are attainable with this type in the V, 
range 40 to 70. 

The comparison of maximum efficiencies of the different types 
may be somewhat misleading because of the variation in the — 
shape of the power-efficiency curves. The average efficiency ine 
the operating range is the important criterion. High efficieney at 
part loads may be of small value in a high-load-factor plant. 

The author’s remarks regarding the relative size and speed of 
Kaplan and fixed-blade propeller turbines presumably are based 
on the premise that the efficiency of the Kaplan turbine at rated 
capacity may be much lower than that of the propeller turbine. | 
For the same runner diameter and speed the fixed-blade type 
should show higher efficiency in its best capacity range because 
of reduced leakage losses and the smaller runner hub diameter 
permissible. It is not readily apparent why the Kaplan type is— 
preferred for plants where the head and discharge variations or 
the number of units are such that very little gain in power gen- 
eration is obtained by the Kaplan type. 

The many different turbine-generator arrangements shown in 
Fig. 1 of the paper may be rather disconcerting to American 
turbine builders since it indicates a trend toward mounting the 
bearing on the turbine-head cover, a zone already well occupied 
by the turbine gate mechanism and other important parts. This 
particular arrangement appears more readily applicable to Kap- 
lan turbines than to Francis turbines. Perhaps the author can 
give us some information on the extent of its use to date for 
both Kaplan and Francis-type units. The support of the total | 
thrust load on the turbine cover conceivably might cause mis- _ 
alignment of the gate-stem bearing with consequent excessive 
friction. Has any difficulty of this nature been experienced? 

It is usual in American practice to provide a clearance be- 
tween the head cover and the stay ring so that the cover may be 
positioned concentrically with the throat ring or bottom ring 
regardless of any distortion of the stay ring resulting from the 
concreting operations, This practice has been developed to in- 
sure uniform clearance in the runner fits and correct alignment 
of the gate-stem bearings. Would the author consider this— 
feasible with the thrust bearing mounted on the head cover? 

The writer is interested to note the use in Europe of sell- 
lubricating bearings as large as 45 in. diam and asks the author's 
comments on European practice in regard to the ratio of depth to 
diameter for this type of bearing. Is water cooling always pro-— 
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vided for such bearings or is it sometimes omitted for low-head 


machines? 

Some comments from the author on draft-tube air-admission 
practice would be of interest. Fig. 3 of the paper indicates air 
admission through the head cover on a Kaplan turbine in line 
with usual American practice. Fig. 2 indicates air admission 
through the draft-tube wall in conjunction with an interna! 
structure extending completely across the draft tube immedi- 
ately below the runner, which is unusual in American practice. 
Has any trouble been experienced with damage to such struc- 
tures in service or with pitting of the draft-tube-liner surfaces 
adjacent thereto? 


R. B. Witir.!! The divergence between European and Ameri- 
can practice, which is manifest by this paper, raises the question 
of comparative merit. It is, therefore, important to remember 
that, in Europe, hydroequipment is being designed to best suit 
given technical and economic conditions, which are quite dit- 
ferent from those existing in the United States, just as European 
automobiles differ from their American counterpart. Relations 
between labor and material costs, the vast interconnections o! 
our electric systems, our commercial practices, all have influence 
upon product design. 

As a more specific reference, it is noted that fixed-blade propel- 
ler turbines have reached « point of obsolescence in Europe. 
The propeller turbine has certain exclusive advantages over the 
Kaplan, which continue to justify its use in the United States, 
namely, lower first cost, simplicity, and higher efficiency accom- 
panied by a lower sigma break at rated output. The latter ad- 
vantage assumes a comparison between Kaplan and propeller 
turbines of equal runner diameter and speed. Two conditions ot 
design explain this superiority. The hub of a propeller turbine 
may be smaller, since no blade-operating mechanism is required 
This reduces velocities through the runner, which in turn raises 
the efficiency and lowers the break in sigma. Conditions are 
further enhanced by the absence of leakage at the intersection 
of the blades and the hub. Similarly, conditions at the pe- 
riphery favor the propeller runner, as it may be fitted within a 
straight cylindrical throat ring with minimum running clearance 
This compares with the spherical or semispherical throat ring of 
a Kaplan turbine having one or more constrictions to interfere 
with smooth flow, or excessive clearance when the blades are in « 
steep position or some combination of both of these detrimental! 
conditions. 

To benefit from such an advantage a propeller turbine must be 
operated more or less continuously at fixed load. This is fre- 
quently not objectionable when interconnected, or when used in 
conjunction with a Kaplan unit. 


AvutTuor’s CLOSURE 


The author appreciates the discussions which have been con- 
tributed to his paper. 

Mr. Rufus Oldenburger has honored the paper with various re- 
marks regarding speed-acceleration governors which he considers 
as having slight theoretical advantages over the dashpot type ot 
governor. Even those theoretical advantages which he has to 
admit are dismissed as having in fact no practical value because 
of the mechanical imperfections of the devices designed to trans- 
late the theory into actual practice. 

Mr. Oldenburger claims to have carried out an extensive mathe- 
He also has had 
the inestimable privilege of having at his disposal the use of an 


matical study of speed-acceleration governors 
analog electronic computer. By this means he claims to have 


11 Chief Engineer, Southwark Operation, Baldwin-Lima-Hamilton 
Corporation, Eddystone, Pa. Mem. ASME 
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been able to compare the performance of a speed-acceleration 
governor designed by his company, with the performance of a 


dashpot type of governor. Therefore it is regrettable that his 


criticisms are not substantiated with numerical results obtained | 


by his tests and calculations. 

Lack of space prevents the development of the analytical com- 
parison between dashpot and speed-acceleration governors, 
lherefore readers who are interested in this question are referred 
toa bulletin’? published in 1948 by Mr. Gaden, whom Mr, Olden- 
burger recognizes as having some authority on the subject. 

Since, contrary to what Mr. Gaden endeavored to demonstrate 
in that publication, Mr. Oldenburger considers that, for an equal 
stabilizing effect, the rate of response of a dashpot-type governor 
is hardly less than that of an aeceleration-type governor, it is a 
great pity that he has omitted to support this assertion by con- 
tributing the numerical value of this difference, obtained either by 
his calculations or by his tests, neither of which have, to the 
withor’s knowledge, ever been published. 

Mr. Oldenburger states that Equation [1] of the speed-accelera- 
tion governor is the same as Equation [2} of the dashpot governor, 
provided that the term 72", which characterizes the time-lag of 
the dashpot governor, is made so small that it can be neglected. 
However, he omits to say how, in actual practice, he sets about 
reducing the importance of this term so much that it can be neg- 


lected, or to state to what numerical value he actually has been | 


able to limit it. The author has some trouble in following Mr. 
Oldenburger’s argument because, after first asserting that this 


term Tz" (which mathematically puts in evidence the weak point — 


of the dashpot governor) is so small as to be negligible, he then 
puts this term in evidence again as a factor in favor of the dashpot 
governor since it serves, according to him, to filter the higher-fre- 
’ coming into the governor with the speed signal 
It would seem therefore that the constant 7’ is not quite so unim- 
portant as he first tried to lead us to believe. 

It is surprising and significant that Mr, Oldenburger has to have 
recourse to accidental imperfections in the operation of the gover- 


quency “noises’ 


nor servommechanism as an argument in favor of dashpot governors 


when everyone knows that all reputed governor manufacturers 
have succeeded in making those mechanisms practically perfect 
and utterly reliable. He also bases a part of his discussion on the 
fuct that the dashpot governor has feedback, which, he says, is 
absent in the speed-acceleration governor, Surely Mr. Olden- 
hurger must know that the speed-acceleration governor without 
temporary feedback, just as well as the speed governor with dash- 
pot mechanism giving rise to a temporary feedback, can be and 
always is provided with a permanent feedback giving rise to speed 
droop which is used for sharing the load between units running in 
parallel, for example, 

As regards the accidental imperfection in the operation of the 
servomechanism, the author cannot understand how the tempo- 
rary feedback of a dashpot governor which disappears at the end 
of the transient, can obviate the consequences of such imperfec- 
tions. To his mind the permanent feedback is, in this respect, 
just as necessary for the dashpot governor as for the acceleration 
governor 

The reader must not be led to believe that the adjustment of a 
speed-acceleration governor entails going through a much bigger 
feedback path, involving also the prime mover, than the dashpot 
governor because, in fact, the path is the same for both types 
of governor. It would be interesting to know what leads Mr 
Oldenburger to believe the contrary. 

The fact that the governor constants can be adjusted indepen- 
dently is recognized by Mr. Oldenburger as being one of the 

2 “Asservissement temporaire et Aceélérométre,”” by D. Gaden 
and J. Desbaillets, a reprint of Bulletin Technique de la Suisse 
Romande, 1948. Libraire Rouge & Cie, Lausanne, Switzerland. 
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advantages of the speed-acceleration governor over the dashpot 
governor but it is astonishing to hear that this theoretical advan- 
tage has not been realized adequately because, says he, the inde- 
pendent adjustment of the governor constants in the field is an 
extremely difficult task. Mr, Oldenburger may be assured that 
he is badly misinformed and that the hundreds of speed-accelera- 
tion governors installed over the past 30 years by the company 
with which the author is associated (and he has every reason to 
believe that the same applies to the speed-acceleration governors 
manufactured by other companies) have all been adjuste! in the 
field to meet the particular requirements of each individual in- 
stallation. Futhermore, the field adjustment of a speed-accelera- 
tion governor does not require much more time than that of a 
dashpot governor, provided it is carried out by a person who 
understands the principle of speed-acceleration governing. In 
fact, the author is surprised to learn that the field adjustment of 
the speed-acceleration governors with which Mr, Oldenburger has 
been experimenting and which, it is understood, were manufac- 
tured by his company, have revealed this serious difficulty. 

Mr. Gaden and the author explained to Mr. Oldenburger, on 
the occasion of his visit to our works, that a really sensitive 
governor which responds even to small cyclic accelerations, can- 
not be driven by an elastic transmission. A synchronous-motor 
drive presents exactly the same characteristics as would a me- 
Naturally we 
avoid the synchronous motor for the same reason that no one 
would contemplate using an elastic belt to drive any type of 


chanical drive made by means of a rubber belt. 


highly sensitive governor. Of course, it would be quite easy to 
insert in the governor drive a filter of the type referred to by Mr. 
Oldenburger but a filter inevitably means time lag, so that the 
cure would be worse than the evil. We much prefer to avoid the 
problem by using an induction motor for the governor drive and 
at the sume time to take advantage of the facilities offered by this 
type of motor as compared with a synchronous motor, 

It is regrettable that Mr. Oldenburger has contributed no in- 
formation regarding the speed-acceleration governor which has 
been extensively experimented upon by his company, because the 
design of the governor naturally has a great bearing on its per- 
formance, 
governing is well over a hundred years old, and all through the 


The idea of making use of acceleration for speed- 


vears many clever engineers have applied their inventiveness to 
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Many 
have failed while others have been only partially successful and 


putting the theory of speed acceleration into practice. 


have preferred to retain (for the time being at least) the dashpot- 
type governor. It would seem from Mr. Oldenburger’s negative 
attitude toward speed-acceleration governors that the one with 
which he has been experimenting is not quite up to the mark and 
calls for important improvements. 

To the author’s knowledge, Brown Boveri and Escher Wyss 
have never gone beyond the experimental stage in speed-accelera- 
tion governing and at no time have offered this type of governor 
for sale. 
tion which comprises a speed-acceleration governor manufactured 


Anyway the author has no knowledge of any installa- 


by either of these companies. 

The examples given by Mr. Rheingans of units built 40 or 50 
years ago with thrust bearings on the turbine head cover are inter- 
esting. The reasons he gives for this arrangement having been 
discarded still remain valid, in the author’s opinion, for compara- 
tively small units such as those mentioned by him. This arrange- 
ment also was adopted occasionally in Europe about the same 
time and discontinued, and it is only recently, in connection with 
It will be interesting 
to see whether in practice the advantages of this arrangement out- 


very large units, that it has been revived. 


weigh its inconveniences; for the time being there has not been, 
to the author’s knowledge, any unforeseen difficulty. Both Mr. 
Rheingans and Mr. Van Patter may be assured that there is no 
record in which the operation of the gate mechanism of a Kaplan 
or Francis turbine has been affected by any misalignment of the 
gate bearings as a result of excessive distortions of the cover 
This is easily explained by the fact that, as mentioned in 
the paper, the maximum stresses in the head cover are seldom 


plates, 
increased by the thrust of the bearing. The correct alignment of 
the gate-stem bearings on the one hand, and of the runner in its 
mantle on the other, is readily obtained by providing means for 
adjusting the position of the thrust bearing on the cover plate. 
Fig. 17 of this closure will sid in replying to the questions raised 
by Messrs. Rheingans and Van Patter on the subject of the com- 
parison between propeller and Kaplan turbines with respect to 
the dimensions of the runners and of the output of the turbines. 
Fig. 17 is a typical example of the results of field tests carried out 
on a small Kaplan turbine operating at 11.5 meters net head with a 


specific speed of 175 rpm. This diagram shows the individual 
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efficiency curves, numbered | to 7, obtained during the tests with 
the machine operating as a fixed-blade-propeller turbine with dif- 
ferent tilts of the runner blades and the over-all efficiency curve 
of the Kaplan turbine, enveloping the fixed-blade efficiency curves. 
This chart shows clearly that in order to obtain the same output 
with a fixed-blade turbine for the same runner dimensions as a 
Kaplan turbine, the tilt of the runner blades would have to be 
that corresponding to efficiency curve 5 for example. However, 
the maximum efficiency obtainable with this tilt of the blades is 
approximately 91 per cent whereas the efficiency of the Kaplan 
turbine reaches 93 per cent. In order to obtain the same maxi- 
mum efficiency of 93 per cent with the propeller turbine, it would 
be necessary to tilt the runner blades into the position correspond- 
ing with curve 4 or 5. 
maximum turbine output under these conditions is appreciably 
less than the maximum output of the Kaplan turbine and that it 
would be necessary to increase the dimensions of the runner to 
obtain the same maximum output with the propeller turbine as 
with the Kaplan turbine. It must be added, however, that the 
amount by which the runner diameter would have to be increased 
is not as important as would appear at first sight from the chart; 
(a) because, for a purely propeller turbine, the blading can be 
adapted to suit the particular tilt required for these limited con- 
ditions of operation whereas the blade of a Kaplan turbine must 
be made to comply with an infinity of pesitions, and (b) because 
as mentioned by Messrs. Van Patter and Willi, the hub in certain 
Cases Cah be made smaller. 


However, these curves, show that the 


The author does not know how European practice compares 
with American with respect to the importance of the clearance 
between the periphery of the blades and the runner mantle, but 
Mr. Willi may be interested to know that in the case of the turbine 
shown in Fig. 3 of the paper, which has a runner diameter of 6250 
mm, the clearance is 3 mm. 
with which most large Kaplan turbines are provided, Figs. 3 and 
4, this clearance is uniform along the whole periphery of the blades 
and even for the steepest tilt of the blades. The author cannot 
visualize how propeller turbines can be better than Kaplan tur- 
bines in this respect. 

The oil leakage around the blade trunnions at the intersection 
of the hub is so unimportant that it need hardly be taken into 


For the spherical runner mantles 


consideration. For example, during the first 10 years of opera- 
tion of the four 7000-mm-diam runners of the Schwérstadt tur- 
bines, the mean oil leakage amounted to just 5 gal per runner per 
The eight-blade Kaplan runners supplied by Charmilles 
for the 25,000 hp units of the Pollaphuca Power Station, operating 
at a maximum head of 50.5 meters, have required during the first 5 
years of operation an average of '/2 gal per year per runner to com- 
pensate for leakage. Many cases could be mentioned where no 
replacement oil was required for years in succession. There of 
course have been occasions when a blade packing has failed and 
the runner oil has drained out of the hub, but those cases are 
extremely rare and, generally speaking, the hub oil leakage is 
quite negligible. 

Water-cooling of guide bearings is provided only when the 
peripherical speed warrants it, but the critical speed naturally 
varies with the size of the bearing, that is, with the importance of 
the sections and surfaces available for the natural cocling of the 
bearing 

Air admission under the runner of Frarcis turbines is provided 


year. 


ans, Ve chanical Engineering, vol. 74, 1952, pp. 189 


frequently to steady the flow in the draft tube under certain 


operating conditions. Several cases are known where the struc- 


tures bringing the air under the runner have been torn away, 


generally very shortly after the machine was put into operation, 


but these accidents have led to improvements in the design of 
Mr. Van Patter 
may be pleased to have confirmation that there have been cases 
where some pitting of the draft-tube liner has occurred in the wake 
of the bars holding the structure, but the author knows of no case 
where this pitting has not been kept under control with the great- 
est of ease. 

Finally, in reply to Messrs. Rheingans’ and Van Patter’s re- 
marks regarding the maximum efficiency obtained with the 


these structures which now rarely give trouble, 


various types of turbines, the fact should have been mentioned in 
the paper that, when speaking of Francis turbines, the author had 
in mind machines operating at the higher heads and not the low- 
head Francis or propeller turbines which are more or less obsolete 
in europe. 
ciencies of the last mentioned should not reach approximately the 
same level as Kaplan turbines provided the runners are made 


It is agreed that there is no reason why the peak effi- 


large enough. 

However, the author cannot agree with Mr. Rheingans that 
there are few records of field tests on Kaplan turbines which show 
efficiencies above 92 per cent. In fact, referring to Muropean 
practice of course, there is justification in saying that few field 
tests of large Kaplan turbines show efficiencies less than 92 per 
cent; that in the majority of cases the maximum efficiency ranges — 
between 93 and 94 per cent, and that more than 94 per cent is 
Similarly, for low-specific-speed 


recorded only exceptionally. 
Francis turbines, the maximum efficiency recorded for large units — 
seldom falls below 91 per cent, generally ranges between 92 and 
93 per cent, and only occasionally exceeds 93 per cent, 

In a previous paper,'? Mr. Rheingans gave a list of 22 high-effi- 
ciency installations with the indication of the maximum efliciency 
The mean peak 
efficiency of these 22 high-efficiency turbines (which include many 
more high-specific-speed turbines than low) amounts to 93.08 per 
Mr. Rheingans, however, remarks that the efficiencies 


obtained in accurately conducted field tests. 


cent, 
listed are for only a few installations and that some field tests 
have shown disappointingly low efficiencies which indicate a need 
to attain the high standards not 
only for a few installations but for all installations.”’ Is the 
author justified in saying that many of these “disappointing’’ 
installations are the victim of the inexactitudes inherent to most 
field tests whereas some of the very high efficiencies recorded in 


for “continuous model tests 


Mr. Rheingans’ paper have benefited by these same inexacti- 
tudes? Furthermore, if, instead of selecting only the high-effi- 
ciency installations, Mr. Rheingans had listed all the installations 
over a given period, the mean peak efficiency certainly would have 
This 


seems to defeat Messrs. Rheingans’ and Van Patter’s claims for 


been considerably less than the 93.08 per cent he mentions. 


higher efficiencies on the part of American manufacturers and 
rather to confirm the author’s contention that, allowing for the 
tolerance which, at the present moment, must still be applied to 
all field tests, the peak efficiencies of Francis turbines, particularly 
those of low specific speed, hardly exceed 92 per cent, whether 
these are manufactured in Europe or in America, 


1 “Recent Developments in Francis Turbines,”” by Wm. J. Rhein- 
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analysis and control used in the design of the large pump 


a 


paper describes the method of water-hammer 


installations at Grand Coulee, Granby, and Tracy Pump- 


Vy = velocity of water in discharge line for initial steady 
conditions, fps 
v = ratio of velocity of water for surge conditions to that — 


ing Plants for the condition of power failure at the pump 
for initial steady conditions, 
motors. It includes a summary of the major features of . | Q), 
these installations and a comparison bet ween the observed w = specific weight of water, pef 
and computed water-hammer effects. Useful charts for on\ 
. obtaining the approximate water-hammer effects in any w = angular velocity of pump and motor shaft, w 60° 
pump-discharge line resulting from power failure are also 
per sec 
’ WR? = flywheel effect, or moment of inertia in terms of weight: 
; ae of rotating parts of motor, pump, and entrained water, 
Phe following nomenclature is used in the paper: INTRODUCTION 
as cross-sectional area of Pe, = ft There are many operating conditions at large motor-driven 
see velocity of pressure wave, ips : pump installations which are capable of producing substantial — 
a = ratio of pump speed at any time to rated pump speed, pressure changes in the discharge lines. Of these conditions one 
ae ow of the most important is the sudden stoppage of the pump motors 
Np as a result of power failure. Fig. 1 shows the time history of the 
; 8 = ratio of pump input torque for any given speed to pump pressure, flow, and speed changes at a pump installation due to 
4 : M 
4 input torque at rated speed and head, B = —~- — . : 
Mr | Head at pump 
“4 
q g = acceleration due to gravity, fps per sec H —_ = 
‘ Ho = pumping head for initial steady pumping conditions, ft 20 
Hp rated pumping head, ft 100 
H = pressure head for surge conditions measured above the of : 
pump intake water surface elevation, ft é VA | 
h = ratio of pressure head for surge conditions to rated = ANT \ T W r |_| 
pumping head, h = — | FOLLOWING POWER FAILURE 
o 
/ = mass moment of inertia of rotating parts, lb-ft sec? 
= defined by Equation [6], see 
= > Fring f | 
= length of pipe, ft | Lil \ 
z Zone of pump |. Zone of energy >> 
= wave travel time of discharge line, sec & -60 ae — Te T 
a | \ 
V pump input torque corresponding to a given speed and Pump discnerge + 
head, lb-ft ili | | \ Pump speed 
= pump input torque at rated speed and head, Ib-ft failure occurs at t=O | 
\ pump speed at any time, rpm TT 
= rated pump speed, rpm | 
60. 12 4 
Nr pump efficiency at rated speed and head Time SECONDS AFTER POWER FAWURE 
: Q pump discharge at any time, cfs Fig. 1 
Qo = pump discharge for initial pumping conditions, cfs 
7 vw = pump discharge at rated speed and head, efs power failure at the pump motors. When the power supply to 
p a pipe line constant as ae fined by Equations 19} and(!2] the pump motor is suddenly cut off, the only energy that is left to 
: f = time at instant under consideration during variable-flow drive the pump in the forward direction is the kinetic energy of 
conditions time f = 0 is taken just prior to power — the rotating elements of the motor and pump and the entrained 
failure, water in the pump. Since this energy is usually small when com 
Vo = velocity of water in discharge line for surge conditions 


at any time ¢, fps 
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. Bureau of Reclama- 


pared to that required to maintain the flow against the discharge 
head, the reduction in pump speed is quite rapid. As the pump 
speed reduces, the flow of water in the discharge jine adjacent to 
the pump also is reduced. As a result of these rapid flow changes, 
water-hammer waves of subnormal pressure are formed in the dis- 
charge line at the pump. These subnormal pressure waves move 
rapidly up the discharge line to the discharge outlet where a 
wave reflection occurs, Soon the speed of the pump is reduced to 
a point where no water can be delivered against the existing head. 
If there is no control valve present at the pump, the flow through 
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the pump reverses, although the pump may be still rotating in the 
forward direction. The speed of the pump now drops more 
rapidly and passes through zero speed. A short time later the 
pump, acting as a turbine, reaches runaway speed in reverse. 
As the pump approaches runaway speed, the reverse flow through 
the pump reduces rapidly, and this reduction in the flow produces 
& pressure rise at the pump and along the length of the dis- 


..& 


charge line 

In order to determine the transient hydraulic conditions at 
the pump and discharge line subsequent to a power failure at the 
pump motors, three effects must be considered, namely, the pump 
and motor inertia, the pump characteristics, and the water-ham- 
mer-wave phenomena in the discharge line. The effect of the 
pump and motor inertia is obtained from the inertia equation. 
This equation defines the relation between the pump speed and 
torque at a given instant of time in terms of the kinetic energy of 
the rotating system. The pump characteristics are obtained from 
a complete pump-characteristics diagram. This diagram defines 
the manner in which the pump torque and speed vary with the 
head and discharge throughout the range of operation as a 
Finally, the water-hammer 


| 


AS. 


pump, energy dissipator, and turbine. 
effects are obtained from the water-hammer equations. These 
equations define the relations between the head and flow in the 
discharge line during the transient-flow conditions under the 


action of the water-hammer waves. 
INERTIA MQuation 

When the power to the pump motor is suddenly cut off, the de- 
celeration of the pump at any instant depends upon the flywheel 
effect of the rotating parts of the pump and motor and the in- 
stantaneous torque exerted by the pump impeller, For a rotating 
( system the accelerating torque is equal to the product of the 
mass moment of inertia of the rotating system and the angular 


acceleration, Following a power failure at the pump motor, the 
decelerating torque on the rotating system corresponds to the 


pump input torque. If the decelerating torque is taken as posi- 
tive 
WR? dw 
dt dt 


Since the pump torque varies with the speed, this equation is 


applicable for specific instants of time only. For a small time in- 


7 terval At = t; 4, this equation is written approximately as 
follows 
M, + M, WR? (a, w;) 2rWR? (N, N,) (2) 
2 At Og A 

atts 

Head discharge: Brake horsepower. 

Rated head « 166 ft 

9 § 7] 

> 

a 
a { 4 
é PERFORMANCE CURVES) 

40 -—_——}——- | | 20 
o 


200 240 
DISCHARGE CAPACITY IN CUBIC FEET PER SECOND 
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This equation is written with the 
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N/Npg and B 


ratios @ 


= as follows 


The decelerating torque 


1s 


Then 


where 


Typical pump-performance data 
manufacturer are shown in Fig. 2 
horsepower, and efficiency plotted against the discharge. 


~ (3) 


a, — a2 


(B; + B,)At 


at the rated head and speed of the pump 


6OWH 


27 
yay ay - Q, = + B.) At [5] 
450qwH pt 91,600 
_ A RQR (6] 
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Pump CHARACTERISTICS 


usually supplied by the pump 
and include the head, brake- 
These 
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8-08 
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B03 FOR REGION OF NORMAL 
PUMP OPERATION 
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corresponding to the 
rated head and discharge of the 
pump has the co-ordinates h 
= 1,» = 1. The curves for 
= and = 1 


through this point on the dia- 


point 


also pass 


gram, since these ratios are de- 
fined in terms of rated values. 
Other values of 8 on the curve 
fora = 
computing values of h and pv 
from the 
curve given in Fig. 2. 


1 are determined by 


brake - horsepower 
Points 
on the diagram for other values 
of a and B are then determined 
from the laws of homologous 
pump operation, For ex- 
ample, for a given pump, H 
and M vary with V? while NV 
and H'/? vary with Q. 
these relations on the h, » dia- 


To use 


gram a parabola of the type 
h= 
known point on the diagram 
such as that shown in Fig. 4 at 
a=1,8=08. Forexample, 
forthe pointh = 1.10 andy = 
0.58, Ky = 3.27 for the parab- 
The vertical dis- 
1.10 at this point 
is then divided into eight equal 
parts, and the points corre 
sponding toB = 0.7, 0.6, ete., 
are located 


K.v? is passed through a 


ola shown. 
tance h = 


on the parabola 
at ordinate values of h = 
7/8(1.10), 6/8(1.10), ete, 
Similarly, points correspond- 
0.9, 0.8 are located 


on the same parabola at values 


ing toa = 


data are converted to a family of torque and speed curv 
h, » diagram in the following manner: 


10 + 
t---4-—-+ 
" 
= 07 4 
05 
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03 
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PUMP CHARACTERISTICS DIAGRAM 3 
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PUMP CHARACTERISTICS DIAGRAM 
ZONE OF ENERGY DISSIPATION 


Referring to Fig. 3, the 
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of h 1.10(0.9)%, 1.10(0.8)%, ete. A smooth curve is then drawn ‘These equations define the relations between the head and veloc- 
through the points on the various parabolas corresponding to — ity ratios during the water-hammer wave phenomena. On a co- 
each value of @ and B. Fig. 3 shows families of torque and ordinate system of h and v the equations are represented by 
speed curves which were constructed in this manner. straight lines which have a slope +2p as shown in Fig. 7. Each 

The pump characteristics shown in Fig. 3 are for the zone of | water-hammer equation gives one relation between the value of h 
normal pump operation. When power failure occurs at the pump — and v at a point in a uniform section of the discharge line in terms 
motor, these characteristics are adequate for determining the — of A and v which are known at another point in the line. In order 
minimum transient pressures at all points in the discharge line to determine hk and v explicitly a second independent relation is 


and for determining the likelihood of water-column separation 
However, after the flow reverses through the pump, additional 
pump characteristics are required for the zone of energy dissipa- 
tion in which the pump is running in the forward direction with 
the flow through the pump in reverse, and for the zone of turbine 
operation in which the flow through the pump and the pump ro- 


D=32in 

@ = 2620 ft. per sec 

Vo * 5.8 ft. per sec. ffor 3 pumps) 
Qo = 33.7 cu. ft. per sec. (for 3 pumps) 
A=5 8) sq. ft 
Ho = 220 ft 

Wove velocity =a, Pump motor rating = 400 horsepower 
pe ine constant =2p for each pump motor 
wr? of rotating parts = 364.9 ib tt* 
for each pump and motor 

Pump speed rpm 


Pump efficiency = 647 percent 

=1.397 sec 


Pia. 
tation are both in reverse. Complete characteristics for a single 
volute pump in each of the three zones are shown in Figs. 5(a, b, 
and ¢). 


Wave velocity 
Pipe tine constent= 


required. This relation is obtained from the pump-inertia equa- 
tion with the use of the pump-characteristics diagram 


Warer- Hammer Equations 
Warer-HamMer ANALYSIS 


The water-hammer equations forthe pump discharge line shown 


a Fle. Gare ee fellows Consider the pumping-plant installation shown in Fig. 8. If a 


power failure occurs at all three pump motors, 2p = 2.31 and A, 
~~ = — = 0.224. Fora time interval At = L4a = 0.349 see 


— = +2p2(vers —— — a, = K, At(B,; + B:) = 0.0782(B, + B:).... [13] 


In these equations (f, — ;)) is the wave travel time between B, and — The simultaneous solution of the water-hammer equations and the 
(, for an F’-type pressure wave and (44-4) is the wave travel time — inertia equations on the pump-characteristics diagram by graphi- 
hetween C, and By for an f-type pressure wave. An F-type pres- cal methods is shown in Fig. 9. The complete pump characteris- 
sure Wave is adirect water-hammer wave originating atthe pump, ties used in this solution are those shown in Fig. 5(a, 6, and ce) 
while an f-type wave is an indirect water-hammer wave which is | The starting point in the solution corresponding to Ao is located 
reflected from the upper basin. For a uniform discharge line on the A, v diagram at the co-ordinates h = 1,v = 1. Az/ag is 
| then located on the line of slope 29 = +2.31 which passes 

pal FT pipe line constant) q| through Ay in the following manner: The location of Az ‘4, is first 

halal estimated. Values of a, and #; are then read from the pump- 

characteristics curves. This value of 8: is used in Equation [13] 
to compute a». If the computed value of a, does not agree with 
the value of a. on the curves, the point for A; 4, is shifted up or 


When the discharge line consists of a number of lengths of uniform 
pipe of characteristics 1, A), a, and so on, in series, the discharge 
line is considered to be the same hydraulically as an equivalent 
uniform pipe line of characteristies L, A, and a, by making the 


PABLE 1 PUMP-SPEED AND TORQUE RATIOS 
tollowing substitution 
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down on the sloping line 29 = +2.31 until these values of a» agree. — gradient. Wherever possible, this condition should be avoided 
This particular point is found to be located at a value of B= by using either a surge tank, air chamber, or larger motor WR? be- 
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0.760 and @ = 0.863. Other points for Az /2, A/4q, ete., are de- cause of the high pressures created when the two liquid water 
termined in a similar manner, The values for several of these columns rejoin. When water-column separation cannot be 
points are shown in Table 1 and the graphical water-hammer solu- 

tion is completed as shown in Fig. 9. A time history of the head, — 


flow, and speed changes as obtained from the graphical solution 7 
is shoy ie ; Maximum head on discharge line 
is shown in Fig. 1 from which the following limiting values are 
read: 300 | 
Maximum drop in head at pump = 0.92H» = 202 ft 2 | ion 
Maximum drop in head at mid-length of discharge line = 0.69H» = 
152 ft 2200 Norma! pumping gradient 
Maximum head rise at pump = 0.61Ho = 134 ft 
Maximum head rise at mid-length of discharge line = 0.35Hy) = Pe g - 
77 ft. wav 
Minimum head on discharge line 
Warter-CoLuMN SEPARATION after power failure 
— The maximum positive and negative pressure changes obtained yy 


from the water-hammer solution are plotted on the discharge-line { 
profile in Fig. 10 to show the limiting pressures for which the 


‘ 

discharge line should be designed. When the minimum pressure io <a 

at any point along the pump-discharge line reaches the vapor 

pressure of water, the water-hammer solution is no longer valid. — avoided, special means must be taken to minimize the violence of 


If this subatmospherie pressure condition inside the pipe persists impact resulting from the rejoining of the water columns. This 
for a sufficient period, the liquid water column parts and is — can be accomplished by positioning special control valves or other — 
separated by a section of vapor. Water-column separation some- protective devices which will either reduce the reverse velocity of — 
times oecurs during the initial negative surge waves on long — the upper water column or increase the velocity of the lower water — 
pump-discharge lines at high points which are near the hydraulic | column prior to the rejoining of the two colummes. 


4 

3 
x 


= 
# 
5 
A 
\ 
j 
¢ 
: 


UPSURGE AT PUMP. % OF NORMAL PUMPING HEAD 


TRANSACTIONS OF THE ASME — 


DOWNSURGE AT PUMP, OF NORMAL PUMPING HEAD 


05 06 08 10 
VALUES OF K, 


(a) 


0506 O08 10 2 3 4 56786910 


K, 


Warer- HAMMER CHarts 
In obtaining the graphical water-hammer so- 
lution for a pump installation subsequent to a 
power failure at the pump motors, two inde- 
pendent parameters are used with the complete 
pump characteristics. These are 2p, the pipe-line 


2L 
constant, and Ky, , a constant which ineludes 
a 


the effect of the pump and motor inertia and the 
water-hammer wave travel time of the discharge 
line. For a given set of pump characteristics the 
results of a large number of water-hammer solu- 
tions can be shown on charts as indicated in Figs 
Il(a to d) 
method for obtaining the limiting transient heads 
at the pump and mid-length of the discharge 
ne when no control valves are present at the 
pump. Although the charts are theoretically 
applicable to one particular type of pump op- 
erating at the rated head prior to power failure, 
they are useful for obtaining the approximate 
pump discharge 


These charts furnish a convenient 


water-hammer effects any 


line. 


Larce Pump INSTALLATIONS 


Grand Coulee Pumping Plant is located on the 


Columbia Basin Project with its intake on 
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Fig. 11 


Water-Hammer Er- 


reeTs IN Lines 
From Power FatLure 
at Pump Motors 


INSTALLATIONS 


PUMPING PLANT 


GRAND COULEE 


GRANBY 


TRACY 


Type of pump 
Number of pumps ra 
plant 


Number of pumps on 
each discharge line 


Worranted pump discharge 
in ft/sec atrated head 
Rated pumping head in feet 
Range of pumping heod 

n feet 


Length of discharge line 
inteet 


Diameter of discharge 
line in feet 


Type of discharge 
conduit 


Motor horsepower 
Motor speed RPM 


Motor wR2 in ib ft? 


wR? of pump and entrained 
woterin ib ft? 


Type of control valves 
Type of discharge outlet 


Date unit placed in 
operation 


Fined Vone Diffuser 


6 Initial 
(12 Ultimate) 


270 to 365 


700 to 940 


2 
exposed steel pipe 


65,000 
206 
16,500,000 


5,000,000 
None 


Siphon 


1951-1952 


Concrete lined tunnel and 


Double Volute 


204 


186 


96 to 186 


3650 


Buried concrete pipe 
— 


64,500 


Variable closure 
butterfly valve 


Siphon 


195! 


Double volute 


Bured concrete pipe 
22,500 


180 
3,500,009 


$40,000 


Variable ciosure 
butterfly valve 


Siphon 


195! 
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the reservoir formed by Grand Coulee Dam. 
this plant are shown in Table 2, and the general arrangement is 
shown in Figs. 12 and 13, with the pump impeller shown in Fig. 
Upon a 
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The basie data for 


14. There are no control valves in the discharge line. 
power failure at the pump motors the return flow passes through 
the pump until the discharge line is drained. 

Granby Pumping Plant is located on the Colorado-Big Thomp- 
son Project near Granby, Colo. The basie data for this plant are 
shown in Table 2, and the general arrangement of the plant is 


Exposed steel 

discharge pipe -. 

Anchor... 
1480 0.00, 


44°49'59" 


i 


162 


SURGES 


4 
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There are butterfly valves on both the inlet and 
discharge outlet of each pump. Upon a power failure at the 
pump motors the discharge butterfly valve closes rapidly under — 
the action of This mechanism closes the first 
two thirds of the angular movement of the valve in 12 sec and the — 
remaining one third of the angular movement in 30 additional 


shown in Fig. 15. 


servomotor. 


sec, 
Tracy Pumping Plant is located on the Central Valley Project 
near Tracy, Calif. The basic data for this plant are shown in 
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TABLE 3 SUMMARY OF WATER-HAMMER TESTS 


GRAND COULEE PUMPING PLANT 


— | | | waximuM | MINIMUM 
As UNITS | LIFT HEAD HEAD OF 
OPERATION TRIPPED | SHUTDOWN IN AT AT PUMP PUMP 
j 
| | FeeT NFEET | NFEE INRPM 
No! Nor | A | 20 | 390 | 2? 240 


For a type A shutdown the maximum computed head at the pump 
For a type A shutdown the maximum computed reverse speed of the pump was 244K Pw 


GRANBY PUMPING PLANT bie 


MAXIMUM | MINIMUM MAXIMUM 


UNITS HEAD AT | HEAD AT | REVERSE 
IN | BUTTERFLY BUTTERFLY SPEED OF 
operation SHuToown reer | VALVEIN | VALVE IN PUMP « 
FEET FEET NRPM 
No | No A | 217 | (26 
+ + + t 
No2 No2 | A is 214 124 
Nos | No3 A | 226 d 
No Nol,2 A | 203 103 
No1,2,3 No'!,2,3 A | 214 a? 
No2 No2 | 13) | 214 122 ais 
No 3 No 3 Cc | Fy 203 126 219 
No2,3 | No2,3 265 180 
Cc 272 99 67 


Fora type A shutdown the maaimum computed head atthe buttertiy valve was 210ft 
Fora type A shutdown the maximum computed reverse speed of the pump was zero 


TRACY PUMPING PLANT 
No 4 a 203 


— 


230 62 210 


: No 3,4 No 3.4 A 203 | 228 35 200 
} 


No 3,4 No4 | A 203 226 87 210 

j — For a type A shutdown the maximum computed head ot the butterfly valve was 230f* 
ee . For a type A shutdown the maximum computed reverse speed of the puTp was 200R PM 

hie. 14) Covrer Pumping Plant AND SHAFT POR Type of shutdown 
‘ Unrr P-1 A- Simulated power failure at pump motor 
8B - Butterfly valve held open after simulated power failure at pump motor 


No4 


i 


C - Closing cycie of butterfly valve deicyed 9 seconds after simulcted power 
failure at pump motor 


/ 
| 3-200cfs pumps 1.0. reinforced 
\ = 


4 
at 166 ft nead concrete pipe 63+25.0 
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DISCHARGE LINE PROFILE 


hic. 16 Tracy Pumping PLant ano Discuance Pires 


Table 2 and the general ar- 
rangment is shown in Figs. 16 
and 17, pump has a 
butterfly valve on the dis- 
charge side of the pump. Upon 
a power failure at the pump 
motor, the butterfly valve closes 
rapidly under the action of a 
servomotor. This mechanism 
closes the first two-thirds angu- 
lar movement of the valve in 
14 see and the remaining one 
third of the angular movement 
in 46 additional see. 


OBSERVED AND COMPUTED 
SURGES 


Pressure-surge tests were con- 
ducted at the three subject 
pumping plants to check the 
adequacy of the pumps, dis- 
charge lines, and pressure-con- 


trol equipment for the condi- r 
tion of power failure at the 
q pump motors. At each of these 
installations the water-hammer Fic. 17 View or Tracy Piast Discnance Lins 
solutions which were used in ; 
the design studies utilized the manufacturer's pump perform- is given in Table 3 from which it is seen that there is satisfactory % 
ance data for the zone of normal pump operation. The flow char- agreement. There was no evidence of water-column separation ) 
acteristics of the control valves during their closing movements at any of these pumping plants. 4 
and the pump characteristics for the zone of energy dissipation ‘ t 
and turbine operation were estimated. A summary of the ob- Concianows : 
served and computed water-hammer effects at these installations Pressure surges in pump-discharge lines subsequent to a power : 
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failure at the pump motors can be computed accurately if the com- 
plete characteristics of the pump are known. In most cases only 
the characteristics for the zone of normal pump operation are ob- 
tainable from the pump-performance data supplied by the pump 
manufacturer. This permits an accurate determination of the 
water-hammer effects up to the point at which the flow reverses 
through the pump 


zones of energy dissipation and turbine operation can be esti- 


When necessary, pump characteristics for the 


mated with sufficient accuracy for water-hammer purposes. 
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Discussion 


R. W. Anaus.? 
ing plants of unusually large dimensions, 


This paper presents data on the three pump- 
In the Grand Coulee 
plant, there is a separate pipe line from each pump and there are 
no valves on either the suction or discharge side of the pumps. 
Under these circumstances, water hammer on shutdown is only 
possible in so far as it may be produced by the pumps, and the one 
test made shows that the pressure rose to 390/280 times normal 
at shutdown. 

The main problem dealt with is the rate of slowing down of the 
pumps, and the author has given an interesting method of com- 
A eal- 
culation of this nature is always tedious when done in the ordinary 
way, but itis not particularly difficult to do soas long as the pump 
is functioning in the regular way. When reversal of the water or 
pump, or both, occur, there is usually not enough information 
about the pump to give definite knowledge of what occurs. Rela- 
tively few experiments have been made to give the characteris- 


puting it and has presented charts connected therewith. 


tics of pumps under reversed water flow or direction of rotation, 
The writer would appreciate information as to how calculations 
for the latter regions were arrived at, as these agree well with 
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tests made. The absence of valves on the line very much simpli- 
fies the calculation. What velocities of the pressure wave were 
used? 

In the Grand Coulee plant it is assumed that when power is cut 
off, air enters the pipe line through an opening at the top of the 
siphon near the outlet of the pipe, and the water in the pipe runs 
out through the pump. During this flow the hydraulic gradient 
would fall so far below the pipe axis, if the pipe remained full of 
water, that it is difficult to see why the column would not break. 
The author might give the evidence he had that it did not. If 
the column parted, there might be no evidence of it in a pressure 
rise, because the two parts could not reunite when the supply was 
cut off. 

There appears to be little danger of the column breaking in 
either of the other two plants, judging by the profiles shown on 
the drawings. In the Granby plant, each pump has a butterfly 
valve on each side of the pump, and the discharge valve is closed 
by servomotor when there is power failure. Presumably, the 
valve on the suction side is closed later on, so that whatever 
water hammer occurs will be due to the discharge-valve opera- 
tion. The method of closure of this valve is of a type examined 
by the writer, and discussed in an earlier paper.* The first’ part 
of the closure, and the greater part of it, may be done very quickly 
without causing trouble, but the final part of the movement must 
be made with care. 

The author is fortunate in having butterfly valves to deal with, 
for in them the relation between the flow and the gate position 
may be determined fairly accurately, and thus the discharge on a 
time base may be found from the timed movement of the servo- 
motor piston. 

This obviates one difficulty usually met with in water-hammer 
problems, because in many valves there is little information 
available on which to plot the pipe discharge on a time base, and 
this is one of the most important matters in dealing with water 
hammer. 

Table 3 of the paper gives interesting data on reverse speed of 
the pumps, but the writer is particularly interested in the results 
of Type C shutdown. The table brings home the well-known fact, 
that the discharge valve should begin to close promptly. If, for 
any reason, it does not begin to close until there is a fairly high 
backward velocity through it, then water-hammer pressures will 
be much increased. In the Granby plant, when the three pumps 
were operating at 131 ft, the maximum pressure reached for nor- 
mal valve closure was 214 ft, or 1.63 times the operating head, but 
when the closing cycle of the butterfly valve was delayed 9 sec, the 
maximum pressure reached was 272 ft or 2.08 times the operating 
head. 


The author is to be congratulated for this 
The 
curves in Fig. 11 of the paper should be particularly useful for 
Their simplicity 


C. P. Krrrrepae.* 
excellent contribution to the literature on water hammer. 


preliminary design and for checking purposes. 
belies the very considerable effort that must have been required to 
prepare them. 

As comment rather than criticism, the writer invites attention 
to the statement in the introduction, ‘‘A short time later the 
pump, acting as a turbine, reaches runaway speed in reverse.” 
This runaway speed will not be dangerous because, due to fric- 
tion, it is almost always less than the normal operating speed. 
However, the negative speed surge preceding runaway operation 
may be of extreme importance. The case illustrated in Fig. 1 
shows a maximum negative speed surge equal to 150 per cent of 


*The Action of Valves in Pipes,’ by R. W. Angus, Journal 
AWWA, vol. 30, November, 1938, pp. 1858-1871. 
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normal and this might damage some electric motors. Table 4° 
gives pertinent data on standard 100-hp induction motors. 


TABLE 4 DATA ON 100-HP MOTORS 
No. of poles Type of rings Normal speed, rpm Maximum allowable speed 
3600 6000 rpm = 167% of normal 
3600 4800 rpm = 133° of normal 
1800 3600 rpm = 200% of normal 
1800 2600 rpm = 145% of normal 


Die cast 
Brazed 
Die cast 
Brazed 


The published information indicates that the higher the effi- 
ciency of the pump the greater will be the maximum negative 
speed surge for any given installation. Also, it appears that 
the speed transient depends upon the design and efficiency of the 
pump to a greater extent than do the head and discharge tran- 
If the author could supply it, a valuable contribution 
would be a family of curves similar to those in Fig. 11 of the paper, 


sients, 


but showing the maximum reversed speed of the pump. 

It might be inferred from a statement by the author that the 
curves usually supplied by the manufacturer are sufficient for 
estimating the minimum head (downsurge) during transient 
operation. The curves must ex- 
tend at least to the discharge corresponding to zero head in order 
to estimate the minimum transient head for several existing in- 
Extrapolation of test curves or estimated perform- 


This seldom will be the case. 


stallations. 
ance curves which do not extend even to the point of maximum 
power is risky because one is apt to be influenced more by the 
particular drafting curve at hand than by the probable character- 
istics of the pump. 


W. J. RHemncans.® 
pumping units and the development of reversible pump turbines, 
water-hammer analysis plays an important part in the design of 


With the present trend toward large 


this type of installation. The author indicates the possibility of 
preparing charts based upon pump characteristics, which are of 
considerable help in making a study of the water-hammer phenom- 
ena under various conditions of operation. 

The reversible pump turbine presents similar problems in op- 
eration, and the author’s paper is therefore quite timely in calling 
attention to the importance of obtaining complete model test 
After a model 
has been built and is being tested, the cost of complete tests of all 
the characteristics is not very much greater than the cost of the 
tests for the zone of normal operation. 


data on all the characteristics of this type of unit. 


It is hoped that the author can continue his werk on pumps of 
various specific speeds to arrive at some estimate of the perform- 
This type of in- 
formation which would permit fairly accurate calculations of wa- 


ance over a wide range of operating conditions. 


ter hammer could lead to large savings in plant construction costs, 
and therefore would be a valuable contribution to the industry. 


Autuor’s CLOSURE 


The author wishes to thank Messrs. Angus, Kittredge, and 
Rheingans for their written discussions. 

Professor Angus has requested further information on the 
water-hammer analysis of the Grand Coulee Pumping Plant. 
For this installation the pump characteristics for the zones of 
normal pump operation and turbine operation were obtained 
from tests conducted at the California Institute of Technology 
on a model fixed-vane diffuser pump. The pump characteristics 
tor the zone of energy dissipation were then estimated from these 
characteristics with the aid of the complete characteristics of the 
single volute pump given in the paper by Professor Knapp. 


* Information supplied through courtesy of the Westinghouse Elec- 
tric Corporation, Fast Pittsburgh, Pa. 

® Manager, Hydraulics Section, Power Department, Allis-Chalmers 
Manufacturing Company, Milwaukee, Wis. Mem. ASME. 
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During the water-hammer tests at Grand Coulee Pumping 
Plant, the pump intake water surface was at elevation 1200 
which produced a pump submergence of 87 ft. The pump lift 
Ho, measured above the intake water surface elevation, was 280 
ft and the discharge head at the pump (neglecting pipe-line fric- 
tion) was 280 + 87 = 367 ft. The maximum observed head rise 
at the discharge side of the pump due to a power interruption was 
390—367 = 23 ft, and the maximum head at the pump was then 
390 
367 
Similarly for the Granby Pumping Plant, the water-hammer tests 
were conducted with the pump intake water surface at elevation 


= 1.06 times the normal discharge head at the pump 


8240 which produced «a pump submergence of 60 ft. The pump 
lift #7o, measured above the intake water surface elevation, was 
131 ft and the discharge head at the pump (neglecting pipe-line 
friction) was 191 ft. The maximum observed head of 226 ft at 
the discharge side of the butterfly valve for normal valve closure 


subsequent to a power failure was Ty io 


1.18 times the normal 


discharge head at the valve. For a delayed valve closure the 


maximum head at the discharge side of the butterfly valve was 
191 = 1.42 times the normal discharge head at the valve 
The average wave velocity for the P-1 discharge tine tested 
at Grand Coulee Pumping Plant was 3200 ft per sec, and the 
wave travel time was 0.29 sec. It is interesting to note that for | 
this discharge line with Hy = 280 ft and Qp = 1600 cu ft per sec, 
the basic parameters given in this paper are 2p = 5.0 and A, = 
a 


0.031. Then from Fig. 11 the following results are obtainable: 


= 0.42 & 280 
= 0.23 « 280 
= 0.08 * 280 
= 0.04 K 280 


11S ft 
O41 ft 
22 ft 
11 ft 


Maximum downsurge at pump 
Maximum downsurge at mid-length 
Maximum upsurge at pump 
Maximum upsurge at mid-length 


The observed maximum and minimum surges shown in Table ‘ 
were as follows: 

277 = 90 ft 

367 = 23 ft 


Maximum downsurge at pump = 367 
Maximum upsurge at pump = = 390 

When either the computed or observed downsurge values are 
plotted on the discharge-line profile, the minimum hydraulic 
gradient is found to be considerably above the axis of the pipe, — 
and water-column separation does not occur at any location in the 
discharge line below the siphon outlets. 

The water-hammer studies for Tracy and Granby Pumping 
Plants indicated that there was actually a greater likelihood of 
water-column separation at these two plants than at the Grand 
Coulee Pumping Plant because of their longer discharge lines. 
In fact, Tracy and Granby Pumping Plants were originally pro- 
vided with surge tanks at each discharge line. 
making modifications in the pipe-line profile and permitting the | 


However, by 


pressures at certain locations in the discharge line to drop 
momentarily to about 15 ft below atmospheric pressure, four 30- 
ft-diam surge tanks were eliminated at these two pumping plants 
with « savings of over one million dollars. 

Professor Kittredge has called attention to an interesting point 
in connection with the mementary negative-speed surge and the 
In addition to the frie- 
tion effects which he has noted, another which often — 
minimizes the runaway speed in reverse is the rapid draining of — 


subsequent runaway speed in reverse. 
factor 
the discharge line. It is seen, however, from Fig. 5 (¢) that at 
the rated head the pump will run faster in reverse than rated 
speed 

Professor Kittredge has inquired about the availability of 
curves similar to Fig. 11 for estimating the maximum reverse 
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VALUES OF 


(c) 


speed subsequent to power failure. Such curves are shown in 
Vig. 18(d) and are plotted in terms of the same basic parameters, 


2p and A, , a8 those shown in Fig. 11. In addition to these 
a 


curves, Fig. 18 (a), (b), and (c) also include curves for estimating 
the time of flow reversal, time of zero speed, and time of reaching 
maximum reverse speed The times noted in these figures are 


measured from the instant of power failure and are expressed in 
L 

terms of units of — sec. These curves have been found useful 
a 

for estimating the required timing of control valves, and for 

estimating the maximum reverse speeds, 
The writer is in agreement with Professor Kittredge on the 
desirability of obtaining the manufacturer’s pump data for zero 


bic IS) Apprrionan Water-HamMen Errects Pump-Discnarce Lines Due ro « Power 
at THE Pump Motors 


VALUES OF Kk, 


(a) 


head operation in order to determine the downsurge accurately 
during transient operation. However, such additional data are 
usually required only in those cases when water-column separa- 
tion at some location in the discharge line is indicated as a 
possibility. 

The writer agrees with Mr. Rheingans on the need for further 
water-hammer studies with pumps of various specific speeds. 
Some additional studies of this type have been made during the 
past few years on other pumps of various types and _ specific 
speeds, In general, these studies indicate that substantial 
changes in the pump characteristics have only a moderate effect 
on the limiting transient effects. This is due to the fact that in 
addition to the pump characteristics, the transient effects depend 
to a greater extent upon the pump and motor inertia and the dis- 
charge-line characteristics. 
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Propeller pumps with small numbers of blades are usu- 
ally designed by applying airfoil-strip theory using the 
tabulated properties of airfoils in a linear flow field of in- 
finite extent. 
relative velocity obtained by vector combination of the 


The velocity at each radius is taken as the 


tangential velocity, the axial velocity, and the induced 
velocity at the mid-chord of the blade. For few blades the 
induced velocity at a blade resulting from the presence of 
other blades usually is ignored. Since the facilities and 
techniques at the authors’ disposal make it relatively easy 
to obtain pressure distributions on the moving elements 
of hydraulic machinery, a comparison was made between 
the calculated and measured pressure loading on a single- 
bladed axial-flow impeller. 
sign method used, which differs only in a minor way from 


The results show that the de- 


the usual method given in the technical literature, gives a 
close approach to the actual loading at the design point. 
The experimental data are presented in sufficient quan- 
tity to show how the blade loading varies with flow rate over 
the whole of the blade and that the free-vortex condition 
is fairly well achieved in the neighborhood of the design 
point. Generally, it is concluded that the airfoil theory 
can give a close approximation to the performance and 
loading of a blade of a propeller pump in spite of the con- 
siderable departure from the ideal conditions for which it 
was developed. 


INTRODUCTION 


PENH axial-flow pump impeller, in its current state of de- 

elopment, consists of a few vanes disposed radially out- 

ward from a cylindrical hub, and rotating in a cylindrical 

duct. The number of vanes does not often exceed five, and the 

vane width is comparable with the hub diameter. As a result, 

the appearance of the pump impeller is quite different from that 

of an axial-flow compressor, wherein the vanes are narrow com- 
pared to the hub diameter and much more numerous. 

In those cases where the vanes of the rotor are not overlapped, 
i.e., the solidity is low, it has been customary to use simple airfoil 
theory for the design of the vane camber and attitude. The 
characteristics of airfoils in an infinite linear free stream of perfect 
fluid are assumed to be applicable also in the relative flow be- 
tween a rotating airfoil and a uniform axial flow of fluid in a 
eylindrical duct. In accordance with the principles of airfoil 
theory, the relative velocity is corrected for the downstream whirl 
imposed on the fluid by the rotor. 
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Pressure Distributions 
Axial-Flow Propeller Pump 


By D. A. MORELLI! ano R. D. BOWERMAN,? PASADENA, CALII 


on the Blade of an 


= 


It is immediately apparent that the relative velocity between 
vane and fluid varies with radius, so the attitude of the airfoil 
chord will vary with radius. Furthermore, for uniform energy 
input everywhere, the tangential component of the pressure 
forces on the airfoil surface at each radius should be constant 
from hub to duct. 
of the relative velocity, then, in general, the camber of the airfoil, 
and its angle of attack to the relative velocity, will vary with 
radius, 
surface of no thickness which has at each radius the proper angle 
of attack, the proper chord length, and the correct camber to 


Since the pressure forces depend on the square 


The final result of the design procedure defines a warped 


produce efficiently a uniform increase in energy of the flow in the 
duct when rotated at the correct speed, 

It is not reasonable to consider only ideal conditions of opera- 
tion, 80 & major necessary modification of the ideal thin vane is 
the elimination of the sharp leading edge. A sharp inlet edge is 
extremely sensitive to departure of the flow from the ideal direc- 
tion of approach, so a “streamlined”? form is wrapped sym- 
metrically around the thin vane to produce the familiar airfoil 
The 


net pressure force produced by the thin airfoil is not sensibly 


shape with a rounded leading edge and sharp trailing edge. 


changed by this modification. 

In the design procedure, we assume that each circumferential 
strip of the vane behaves as if it were part of an infinitely long 
straight wing of uniform section, in a linear flow defined in mag- 
nitude and direction by the relative velocity at the strip. For 
the infinite wing it is possible to calculate the differential pressure 
between top and bottom of the airfoil for any angle of attack be- 
low the stall. Furthermore, experiment and calculation are in 
satisfactory agreement, and especially so for the angle of attack 
for which the airfoil is designed. It is logical to inquire how 
closely the design pressure distribution is achieved in a strip of 
the vane of an axial-flow pump wherein the attitude of the air- 
foil, the chord length, and the relative velocity vary continuously 
along the radius from the hub to the duct wall, In pursuing such 
an inquiry, it is not sufficient to compare the experimental over- 
all characteristics, such as head versus capacity, with the expec- 
tations from calculations based on the design. This approach 
obscures the essential point of interest, which is, ‘How well is 
the mechanism of energy transfer between the rotor and fluid 
defined and evaluated by the airfoil theory as applied in the de- 
sign procedure?” Many explicit and implicit assumptions are 
introduced in order to make a design, but their integrated effect 
will show up in the pressure distribution on the vane. 

Little, if any, research on hydraulic machinery has been made 
to study the agreement betweer calculated and measured loading 
on the vanes. The Hydraulic Machinery Laboratory at the 
California Institute of Technology has made measurements of 
pressure on pump impellers as part of a research project: spon- 
sored by the Office of Naval Research, and simple techniques for 
the purpose have been developed.‘ Since a knowledge of the 
pressure distribution on the workiag surfaces of pumps is of 
fundamental interest to this laboratory, experimental tests were 

«Pressure Distributions on the Vanes of a Radial Flow Impeller,” 
by D. A. Morelli, Transactions of the Heat Transfer and Fluid 
Mechanics Institute, Stanford University Press, Stanford, Calif., 
1950, p. 73. 
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made of the agreeme nt between enleulated and measured pres- 
sures on simple axial-flow rotors, with one and two vanes, without 
upstream or downstream guide vanes. The salient points of 
interest in the design, manufacture, and experimentation are 
presented here, together with results and conclusions from the 
tests, 


DesiGNn oF IMPELLERS AND VANES 


The principal dimensions of the test impeller were chosen 
somewhat arbitrarily but with an eye to current practice. The 
duct dimension was restricted by the test installation to 7. 


5 in. 


a, Vector CoMBINATION OF VeLociTies TO 
VeLociry; 6, Evement or ReLative STREAMLINE CoRRE- 
SPONDING TO 


hia. 1 
TIVE 


The vane 
lay on a radial line and the vane extended axially 
1'/, in. at all radii, vane trailing edge will lie 
in a plane normal to the axis of rotation I'/2 in. downstream of the 
leading edge, and due to the vane warp, the trailing edge cannot 
then be a radial or a straight line. The chord of the vane at each 
radius depends on the attitude of the vane there, and is calculated 
in the design process. Both duct and hub are cylindrical in the 
neighborhood of the impeller vane, and guide-vane rings were not 
used. 


and a hub ratio of 0.6 gave a hub dimension of 4.5 in. 
leading edge 
Consequently, the 


With these principal dimensions, and a specified design flow 
rate and rate of rotation, the vane can be designed in detail in the 
However, convenient in this work to 
invert the The lift coefficient attitude of 
the most heavily loaded section, the root, were specified, and 
the flow rate at operating speed was derived. So, arbitrarily, the 
root chord was placed on a helix of 45-deg slope, and at design 
point the root section was required to operate at a lift coefficient 
C,, equal to unity. All other sections would then be operating 
at lower lift coefficients, and were designed properly for the con- 


usual way.? it was more 


procedure, and 


ditions at each radius, 

The requirement of uniform energy input at all radii is equiva- 
lent, in the airfoil theory, to constant circulation I’, around the 
vane at all radii, and this is again tantamount to free-vortex whirl 
in the flow downstream of the impeller. The average whirl in- 
creases from zero as the flow passes through the vane, and the 


relative velocity at the vane is obtained by the vector combina- 
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tion of the axial velocity, the rotational velocity, and the whirl or 
induced velocity. Evidently, since the induced velocity varies, 
the relative velocity varies in magnitude and direction from inlet 
to outlet and the relative streamline will be curved. 

Fig. 1(a) shows the vector combination of the tangential ve- 
locity u, and the axial velocity c,, with the induced velocity »;, to 
obtain the relative velocity, »,. Since v,; varies, the angle 8 of 
the streamline varies as shown in Fig. 1(b), wherein the differen- 
tial element of the streamline is defined in terms of axial and 
tangential co-ordinates z, and rg, respectively, and 6 from Fig. 
i(a). 

Usually, the induced velocity is 
constant at the mid-chord value all along the chord at each radius. 
This changes the magnitude and direction of the relative velocity 
by a constant amount from leading edge to trailing edge, and the 
relative streamline remains straight. To evaluate the streamline 
curvature the must be calculated 
tion of radius and the axial distance z measured downstream 
from the leading edge of the vane. To do this the circulation can 
be assumed to grow linearly from zero at the inlet, to its full value 
of T at the outlet from the vane, and remain at the full value to 


the designer assumes that 


induced velocity v as a fune- 


i 


infinity downstream. By the usual procedure of hydrodynamics, 
the induced tangential velocity due to this distribution of circu- 
Fig. 2 illustrates the assumptions and 


lation can be calculated. 


defines the co-ordinates. To « high degree of approximation the 


induced velocity is given by 
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The information contained in Equation {1] is shown graphically 
in Fig. 3 in dimensionless co-ordinates. The abscissa z/z; is the 
distance from the vane leading edge in terms of the total axial ex- 
tent of the vane and the parameter z,/r is the ratio of the axial 
extent of the vane z; to the radius r, Fig. 2. When narrow blades 
are used on a large hub, such as in axial-flow compressors, the 
induced velocity approaches line B in Fig. 3, while for the usual 
style of axial-flow-pump impellers the induced velocity is better 
represented by line A. It should be noted that line B is the usual 
assumption of design? and gives no streamline curvature. 

The curvature of the relative streamlines, caused by the varia- 
tion of induced velocity through the impeller, is not of great 
numerical significance in a single-vane pump. It becomes im- 
portant with three and four vanes but it is always important to 
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realize that the curvature of the streamline requires an increase 
in the camber of the airfoil in order to achieve the required lift 
coefficient with the optimum chordwise pressure distribution. 

The relative streamline can be established beginning with the 
differential equation from Fig. 1 

tan B = << = 

wr is the tangential velocity at radius r. Integration 
of this differential equation, using % as in Equation [1], yields 
the streamline equation 


where u = 


wherein 


- 
: 
= 
K, and Ky must be determined from a knowledge of I’ and the 
design axial velocity c,. From airfoil theory 


where 
= chord of airfoil rp? 
_ = lift coefficient of airfoil 
= velocity relative to airfoil 
= number of vanes on impeller 


Because of flow deviation, v, is not constant along the chord at 


each radius, but decreases slightly from inlet to outlet. 
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For the 
purpose of design 
a 

v, = c, cosec B, 


c = z, cosec B, 


and 


where £, is the chord attitude at any radius r, Then 


Cr 

2 sin? B, 
_and the flow coefficient ¢,/wr may be obtained from 
tan B, = 
wr 

From Equations [2], [4], and [5] the relative streamline can 
be calculated and drawn for each radius; it shows a curvature in 
the direction of the airfoil camber. For a single-vane pump of 
the dimensions used in these experiments, the streamline curva- 
ture at the root amounts to 3 per cent of the airfoil camber re- 
quired to develop a lift coefficient of unity. For four vanes it 
would amount to about 12 per cent. It is evident that the cam- 
ber of the airfoil must be increased if the expected lift coefficient 
is to be achieved at optimum angle of attack. 

For detail design it is convenient to lay out the vane graphically 
to large scale. First, relative streamline from inlet to outlet is 
drawn using the foregoing equations; then the camber required 
to develop the required lift coefficient is superposed on this 
curved streamline; finally, the airfoil thickness function is dis- 
This procedure is 
repeated for several radii, and the set of drawings constitutes a 


posed symmetrically around the camber line. 


complete description of the vane shape. 

In this work the design procedure for the airfoils was taken 
directly from the NACA Summary of Airfoil Data® using an 
NACA 65 camber line. This is a parabola and it gives an elliptic 
chordwise lift distribution when the relative flow approaches it 
along the chord. The root section was determined by writing 
1, 8, = 45 deg, and p = 1 in Equation [4]. 
tion [5] the flow coefficient could be determined and the root 
relative streamline drawn using Equation [2]. The proper 
amount of camber to develop the required lift was superposed on 
this streamline and, finally, an NACA 16 series thickness function 
of 9 per cent thickness was described symmetrically about the 
camber line. For other radii the angle 8, was obtained by calcu- 
lating the end points of the streamlines by Equation [2], and the 
required lift coefficient was obtained from Equation [4]. Al- 
ternatively, one can proceed directly from Equation [5]. The 
per cent thickness was varied from root to tip inversely as the 
chord length. 


CL = From 


MANUFACTURING PROCEDURE 

Radial, tangential, and axial co-ordinates scaled from the 
large drawings are transferred onto brass by a milling machine 
with a rotary table. The metal is carefully hand-filed and pol- 
ished down to these spots to form the master vane from which 
plester and cerrobase molds are made. A block of the original 
brass stock is left attached to the completed master vane, Fig 
4(a), which provides reference surfaces for locating the vane 
accurately in the mold box. Brass capillary tubes '/)6 in. diam 
are inserted through drilled holes in the hub segment and soldered 
These tubes are dispersed over the median surface of 
Transparent plastic is 


in place. 
the vane and extend almost to the tip. 


5 “Summary of Airfoil Data,"”’ by I. H. Abbott, A. E. von Doenhoff, 
and L. 8S. Stivers, Jr., NACA Report No. $24, 1945. 
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cast, under pressure, between the mold halves and around the 
brass tubes. The latter act as the mechanical connection be- 
tween the plastic vane and the hub segment, and also as pressure 
lead-outs for piezometer holes drilled into them from either side 
of the vane. The hub segment is used to attach the vane to the 
eylinder hub, Fig. 5. By casting several vanes from the same 
mold halves, but with different capillary-tube dispersion, it is 
possible to obtain pressure connections at a very large number of 
points on each surface of the vane. The plastic used is either 
methy! methacrylate (lucite, plexiglass) or phenolic. In either 
case, molding under pressure insures a close reproduction of the 
master vane shape. 


EXPERIMENTAL WorRK 


The use of a vertical differential manometer, rotating with the 
impeller, to measure pressures on the vanes and shrouds has been 
described elsewhere.4 [It is convenient and yields a large number 
of data ina short time. Fig. 5 is a typical assembly of a rotating 
manometer with an axial-flow impeller. One piezometer hole is 
drilled from the vane surface, on which the pressure is to be meas- 
ured, into each of the capillary tubes molded into the transparent 
plastic vane. Each eapillary tube is connected within the hollow 
hub to a transfer tube above the impeller, and the transfer tube is 
connected to a tube of the rotating manometer. As the whole 
assembly rotates, the liquid level is read against the seale en- 
graved on the manometer mounting eylinder with the help of a 
stroboscope to arrest the motion. The reference level is obtaine | 
from a total-head tube projecting upstream from the hub center 
line and connected through the hollow hub to one rotating 
manometer tube. 

The static head at the piezometer hole, referred to the inlet 
total head as zero, is given by 


H, — Hp = u?/2g — AH 


where wu is the tangential velocity of the vane at the radius of the 
piezometer hole, and AH is the differential read on the manome- 
ter. It is convenient to plot data dimensionlessly by dividing 
the head by u:?/g where uw is the tip speed of the impeller. 

The single-vane subject of this paper was rotated at 201 rpm 
in water as the working fluid. Statice pressure measurements 
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were made at each '/-in. increment of radius along the vane, on 
both faces, with additional measurements !/, in. from the hub and 
duct. Flow rate, reported in terms of the flow coefficient 
€qa/ la, Was varied over a large range from near shutoff to beyond 
design point, | Pressures were measured at about 50 places on 
each surface of the vane. No data were obtained close to the 
trailing edge since it was not possible to mold the capillary into 
the thin section in these areas. The trends of the data in these 
cases must be inferred from the measurements on the adjacent 
ATeAS, 

Fig. 6 is a composite plot of pressure data for five flow rates 
ranging from 15 to 110 per cent of design flow rate taken at the 
mean radius of the impeller. It is plotted against axial distance 
through the impeller instead of chord. The areas then are a 
measure of the torque and, consequently, power. This diagram 
may be considered typical of data taken at all other radii. For 
each flow rate the agreement is good in both the area and shape 
of the curves for all radii. Between the flow coefficients 0.081 
and 0.31, the vane passes from a fully stalled to an unstalled con- 
dition and is operating at a very high angle of attack. The flow 
is impinging on the pressure face and an area of low pressure and 
high velocity appears on the suction side near the leading edge. 
As the flow coefficient increases from 0.31, this low-pressure area 
disappears, as is expected, and at the flow rate of 0.558, which is 
2 per cent below design point, the flow is entering smoothly. 
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Cuorpwise Stratric-Heap DistrinuTions MEASURED AT 
Mean Rapius ror Five Frow Rates 


Fig. 6 


On passing beyond the design point by 10 per cent to a flow rate 
of 0.62, the entrance conditions deteriorate again and an area of 
low pressure and high velocity appears on the pressure or concave 
The angle of attack is now below the optimum 
for which the vane was designed. 

Since the zero of the ordinates in Fig. 6 is the inlet total head, 


side of the vane. 


the junction of the extrapolated curves must drop lower on the 
diagram, as the flow rate increases, due to the drop in the static 
head at the impeller. 

Variation of Pressure Distribution With Radius. Fig. 7 ilhus- 
trates the effect of radius on the chordwise pressure distribution 
on the vane for the flow rates 0.558 and 0.543. These are 2 and 
4 per cent, respectively, below design point. The curves for the 
several radii, where the data were taken, superpose and inter- 
weave so as to make it impracticable to show the individual 
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curves, In both cases the pressure diagram is consistent in form 


and area from root to tip. However, it is evident that the con- 


dition at the inlet in Fig. 7(a@) is less satisfactory than in Fig. — 


7(b). The data obtained at design-point flow rate, 0.568, shows 
less satisfactory inlet conditions than the data in Fig. 7(a). 
Careful analysis of all the measurements indicate that the best 
inlet conditions would occur at a flow rate between those of Figs. 
7(a) and (6). 

Since the area of the chordwise pressure diagram, as plotted in 
Fig. 7, against axial extent of the vane, does not vary much from 
root to tip, then the output from the impeller is close to free- 
vortex flow in the neighborhood of the design point. This is 
tantamount to saving that all elements of the flow receive the 


same amount of energy in passing through the impeller disk. A 


study of all the data allows us to extend this conclusion to flow 


rates down to 60 per cent of the design condition. 


Comparison of Actual and Calculated Pressure Distribution, 


- The airfoil theory makes it possible to predict the pressure distri- 


bution for an airfoil in linear flow. 


the caleulations with the experimental results for the conditions 


existing in this application of airfoils, wherein we have assumed 


that the tabulated airfoil coefficients are valid in a rotating 


system, provided corrections have been made for the effect of 


induced velocities. We admit our inability to calculate the static 
pressures in the vane system from airfoil theory and axial-flow 
impeller theory as it stands at present. The reason for this is 
that in an enclosed system there is an increase in the ambient 


static pressure on passing through the retor which does not occur 
The prediction of the — 


around an airfoil in an infinite stream. 
ambient pressures at any point along the axis requires a detailed 


It is interesting to compare — 


knowledge which has not been developed at the present time, — 


However, it is possible to compare the measured static pressure — 
difference between the two sides of the airfoil of the ducted impel- 


ler with the caleulated pressure differential. This is simple in 
the present case because each section of the vane has been de- 
signed to operate in the relative flow at its optimum angle of 
attack. 
the chordwise distribution of the differential pressure is elliptical 


For the symmetrical parabolic camber line used here, 


and is obtained very simply in the manner described previously.® 

Fig. 8 compares the caleulated and measured differential pres- 
sure for the flow rates 0.568 and 0.558. — In both cases calculations 
were made on the assumption that the airfoil was operating at the 
optimum lift. Fig. 8(a), for the design flow rate, shows that the 
agreement between calculation and experiment is not the best. 
The pressure measurements indicate that the airfoil is operating 
ata lower angle of attack than the calculation envisaged. This is 
substantiated by Fig. 8(b) where, owing to the lower flow rate 
and consequently higher angle of attack, the agreement is much 
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better, Even here, however, the loading is heavier toward the 
trailing edge, which is again indicative of a lower angle of attack 
than the optimum. For the next lower flow rate (0.543) the same 
comparison has shown that the pressure loading becomes greater 
toward the leading edge, indicating that at this flow the angle of 
attack is above the optimum. 

Referring to Fig. 7, it will be noted that the distribution of 
pressure around the leading edge substantiates these conclusions, 
plicing the best operating conditions slightly below a flow coefli- 
cient of 0.558. — A flow coefficient of 0.550 is 3 per cent below the 
design point and is equivalent to a change in attitude of the 
blade on the hub of approximately 1 deg at the tip. No error of 
this magnitude occurred in the test vanes. By measurement it 
was found that only '/s; deg error in attitude existed. An in- 
crease in the axial velocity cg, over the value used in the design is 
appreximately equivalent to a change in attitude of the vane. 
Fig. 7(b) shows that, at the leading edge, the pressure falls gener- 
ally below the duct static pressure. This can be attributed to 
the curvature imposed on the flow in the radial plane by the 
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round end of the hub close upstream and to boundary layers. 
The resulting higher velocity at the leading edge, over the inner 
portion of the vane, would move the ideal inlet condition to a 
flow rate below the design point. 


CONCLUSIONS 

It appears that the airfoil theory, properly applied, permits a 
close prediction of the pressure distribution around the vane of 
pump impellers with few blades and, consequently, the head 
generated by the impeller. Such impellers are used today in 
pumps of high specific speed. 

Where cavitation characteristics are important, it is possible 
to establish theoretically the lowest pressures occurring on the 

ane in the design stage. Over a very large range of flows the 
pressure distribution on the vane behaves regularly, and the static 
pressure near the leading edge is almost constant from root to tip. 
All radii are equally critical for cavitation. 

The radial distribution of energy is uniform from about 60 to 
100 per cent of design point. A very small (10 per cent) increase 
of flow beyond design point results in serious deterioration of the 
inlet conditions. Below design point there is a considerable 
range of flow rate wherein the entrance conditions are good. The 
experimental results establish the value of the techniques of 
design, manufacture, and test used in this work. 
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Discussion 
G. F. Wisticenus.* This paper presents the first results of a 
most promising investigation which, it is hoped, will be continued 
to include systems of greater solidity than the one investigated. 
The well-known excellence of the experimental work of the Hy- 
drodynamics Laboratory gives the paper a more than ordinary 
importance. It is for this reason that one cannot help but wish 
for a somewhat greater clarity in the comparison between the ex- 
perimental and the theoretical results presented. 
It is feared that the significance of the basic Equation [1] of the 
the paper cannot be understood fully from the information pre- 
sented. Particular reference is made here to the role played by 
the ratio z,/r. It would seem that the controlling parameter for 
the various lines from A to B in Fig. 3 of the paper rather should 
be an expression of the solidity of the vane system at the particu- ! 
lar radius considered than the ratio of the axial depth of the 
system to the local radius. The parameter suggested in the paper 
implies a three-dimensional effect of the arrangement of the sys- 
tem within a cylindrical space of revolution. If the authors 
really wish to describe such a three-dimensional effect it would 
seem necessary to give a complete explanation for it at the point 
of its introduction. 
The foregoing criticism is made particularly because the method 
of design suggested by the authors impresses this writer as in 
other respects most constructive and useful. In spite of the fact 
that the lines shown in Fig. 3 are, in general, of course not straight 
lines, the straight-line approximation suggested is probably sul- 
ficient for most practical cases of design provided the problem of 
the inclination of the lines mentioned before can be resolved in 2 
satisfactory manner. 
Returning for a moment to the afore-mentioned comparison of 
measured and calculated test data, this writer would like to point 
out that the “detailed knowledge” regarding the theoretical pres- 
Chairman, Department of Mechanical Engineering, The Johns 
Hopkins University, Baltimore, Md. Mem. ASME 
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sure distribution appears to be well within the reach of the exist- 
ing two-dimensional theory of cascade flow. Instead of selecting 
one of the standard NACA blade profiles it might have been better 
to select for this investigation a profile that lends itself fairly readily 
to a theoretical solution of its flow problem. What is meant is a 
procedure in which the convenience of the conformal mapping of 
the system onto a circle is permitted to dictate to some extent the 
vane shapes selected. If it should have been found that curved 
vanes are too inconvenient for this purpose, it might have been 
better to seleet for the first experiment straight-line profiles for 
which the exact solution has long been given by Weining and 
others. With such theoretical data on hand the comparison be- 
tween the actual and calculated pressure distribution could have 
been brought into a much more conclusive form. 

As matters stand, this writer is not convinced that the data 
presented constitute either a confirmation or a contradiction 
to the design methods suggested. This statement is based 
largely on the fact mentioned by the authors immediately below 
Equation [5], where it is pointed out that for the single-vane 
pump investigated the correction of the streamline curvature at 
the root of the blades amounted only to 3 per cent of the airfoil 
camber required to develop a lift coefficient of unity. Since such a 
small change in the curvature of the airfoil would have an effect of 
the order of magnitude of only '/2 per cent on the lift coefficient 
of the blade it seems doubtful whether the data presented permit 
any conclusions with respect to such an effect. It is hoped that 
the authors will be able to clarify this apparent dilemma, but 
more, 80 that they will be aule to extend their interesting investiga- 
tions to configurations where it is known that the cascade effects 
approximated by Fig. 3 of the paper have a quite decisive in- 
fluence on hydrodynamic characteristics of individual blades. 
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Avrnors’ CLosuRE 

Mr. Wislicenus brings attention to the inclusion of the ratio 
2z,/r a8 an important parameter in the evaluation of curvature 
of the streamlines due to the trailing vorticity downstream of the 
blade. 


downstream and has only one vane the centerline trailing vortex 


Since the vane system is designed for free vortex flow 


is the only one contributing to the curvature of the incident flow. 

If the axial extent of the blade is very small compared to the- 
radius, it is sufficient to evaluate the tangential induced velocity 
at midchord and correct the direction of the relative velocity in — 
the manner of reference (3) of the text of the paper. When the- 
axial extent of the blade becomes large compared with the radius 
under consideration a considerable streamline curvature exists as_ 
indicated by Fig. 3 of the text. This streamline curvature re 


duces the effective camber of the airfoil in direct ratio of the per r 
cent camber of the streamline to the per cent camber of the airfoil, 
How Mr. Wislicenus proceeds from a 3 per cent streamline curva- — 


ture to only '/, per cent correction to the lift coefficient is not 


clear to the authors. Three per cent correction on camber is 3_ 
per cent correction on lift coefficient. 

It has been the authors’ intention to avoid the usual procedure 
which reduces radial arrays of vanes to a two-dimensional cas-— 
cade because their interests lie with rotors wherein few blades of — 


these cases. Work is continuing along the same lines as presented * 
in the text while theoretical work with manageable camber-line— 
shapes in two dimensional cascades is being carried on by others, — 
The simple straight camber line gives a very unsatisfactory | 
pressure distribution as has been demonstrated by the rotor shown 
in Fig. 5 for which complete experimental data has been obtained, 
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Tubing Materials in Contact With Syn- | 
thetic Combustion Atmospheres at 1550 F 


By C. J. SUUNDER,' A. M. HALL,? anv J. H 


A group of commercially available alloys was tested for 
resistance to synthetic combustion atmospheres at 1350 
F, in controlled laboratory experiments, to determine 
their suitability for use as superheater-tubing materials. 
Variables in the corrosive environment included two con- 
centration levels of sulphur dioxide, carbon monoxide, 
and alkali-metal salts. Evaluation on the basis of resist - 
ance to both scaling and subsurface corrosion showed 
that alloys of the 25-12 and 25-20 types were superior. 
AISI 304 also behaved very well in these tests. These 
results verify the conclusions of the field tests in instal- 
lations burning low-sulphur natural gas or coal. The 
conditions obtained in high-sulphur, high- 
vanadium oil were not included in the laboratory tests. 


burning 


INTRODUCTION 


ASME Research Committee on High-Temperature 

Steam Generation has been active in studying the prob- 

lems arising in the design of equipment to produce steam 
at high temperatures. One phase of this study which was spon- 
sored by the committee at Battelle Memorial] Institute was to 
evaluate commercially available alloys for their resistance to 
products of combustion at a temperature of 1350 F, 

The first part of the program, dealing with the testing of alloys 
under actual field conditions has been completed, and was de- 
scribed in a paper by Blank, Hall, and Jackson.‘ In these field 
tests, bars of selected alloys were suspended in various steam- 
generating units so that they would attain an average temperature 
of about 1350 F, while exposed to the hot products of combustion. 
The units chosen for these tests were representative of coal, oil, 
and gas firing, and thus provided a variety of combustion atmos- 
pheres. The corrosion results reported in this paper showed that 
these atmospheres varied widely in their corrosive effects. It ap- 
peared that the degree of corrosion was related to the sulphur, 
vanadium, and alkali-metal contents of the fuels burned. Under 
mildly corrosive conditions most of the alloys tested were prac- 
tically unattacked, and from a corrosion-resistance standpoint, 
should be suitable for use in superheaters at 1350 F. Under very 
corrosive conditions, however, all the alloys were corroded, with 
AISI 3098, 310, and 314 the most resistant of the alloys tested. 


Research Metallurgist, Battelle Memorial Institute. 
? Assistant Supervisor, Battelle Memorial Institute 
> , 3 Supervising Metallurgist, Battelle Memorial Inst. Mem. ASME. 

‘Behavior of Superheater Tubing Materials in Contact With 
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The next phase of the program was to evaluate the alloys in 
laboratory tests designed to simulate some of the corrosive con- 
ditions existing in actual service. It was expected that the 
variables could be controlled more closely in these tests than in 
field tests, and that the effects of specific variables would be 
observed more readily, Another purpose of the tests was to com- 
pare laboratory with field results to determine, if possible, how 
closely the performance of the alloys under test could be re- 
produced by the two procedures, 

It was not within the scope of this program to make a methodi- 
cal investigation of the effects of the many variables involved. 
Many previous papers have indicated the importance of funda- 
mental information for clarifying the mechanism of oxidation and 
corrosion, and numerous papers have reported on the behavior of 
In the present 


metals under specific hot gaseous conditions. 
work, however, since the main objective was to evaluate alloys 
for use as high-temperature superheater elements, the Committee 
suggested that the effects of high and low levels of sulphur dioxide, 
“alkali” in synthetic combustion atmos- 
These were considered to be the variables 
Thus, in eight tests, all 


carbon monoxide, and 
pheres be investigated. 
of greatest interest to the problem. 
possible combinations of the three variables could be studied. 


PROCEDURE 
Materials and Equipment. The alloy test specimens were pre- 
pared from the same stock that was used for the field tests, thus 
eliminating any effects caused by variation in composition or 
structure. Specimens were machined to 0.375 in, diam x 0.500 
in. long. Since only twelve alloys could be tested simultaneously 
in each laboratory furnace, it was necessary to omit two of the 
alloys used in the field tests. The compositions of the alloys 
investigated are given in Table 1. 

A schematic diagram of the test-furnace and gas-supply as- 
sembly is shown in Fig. 1. In the preliminary tests, all of the 
gases were compressed in one high-pressure cylinder, but it was 
found that very small quantities of sulphur dioxide could not be 
The scheme finally used to 
produce the gas atmosphere was to divide the gas into two cyl- 
inders. A relatively concentrated sulphur dioxide - nitrogen 
mixture was introduced from a separate cylinder into the main 
By a 
proper adjustment of the flow from each cylinder the desired 


maintained under those conditions. 


gas stream containing the remaining gas components, 


synthetic flue-gas atmosphere could be maintained. The special 
flowmeter shown in Fig, | is a sinyplified version of the one de- 
scribed by Appleby and Avery,® and was used for the measure- 
ment of the very low flow rate of the sulphur dioxide - nitrogen — 
mixture. 

Preparation of Synthetic Combustion Atmospheres. The 
synthetic combustion gas used in the laboratory experiments was 
selected to simulate the flue gas obtained when a fuel containing 


carbon to hydrogen in an 85:15 ratio is burned with 20 per cent 


§*An Improved Meter for the Measurement of Gas Flow Rates," 
by W. G. Appleby and W. H. Avery, Industrial and Engineering 
Chemistry, Analytical edition, vol. 15, 1943, pp. 349-350. 


1015 


Laboratory Investigation of Superheater- 
= 


TRANSACTIONS OF THE ASME 
of 


TABLE 1 TEST MATERIALS 


Composition, per cent 
4 


Materia! 
16-25-6. 
AISI 3008 
AIBI 310 
AISI 347 
AIBSL 308 
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excess air, In order to accomplish this, cylinders of gas con- While this technique for preparing synthetic combustion 
taining approximately 10.3 per cent CO, 8.5 per cent O2, 10.7 | atmospheres was used satisfactorily in this investigation, it is not 
per cent H,, and 70.5 per cent Nz were prepared by compressing recommended for future experiments because of the explosion 
the required amounts of the individual gases to produce a total hazards involved in handling certain mixtures of hydrogen and 
pressure of 1500 psig. On being passed through the laboratory | oxygen in high-pressure cylinders. Some other method should be 
furnaces, the hydrogen burned to water vapor, The carbon mon- devised for producing the water vapor in the furnaces. 
oxide was added in the amounts necessary to give either 0.01 per Details of Corrosion Tests. The tests were relatively simple. 
cent or 0.1 per cent CO in the final gas mixture. As mentioned Samples of the twelve alloys were degreased with acetone, ac- 
previously, sulphur dioxide in small amounts was not stable in curately weighed and measured, and placed upright in’ an 
combination with the other gases at the high pressures used. alundum tray which was supported in the middle of the Globar- 
Therefore separate cylinders containing | per cent and 4 percent heated furnace. Nitrogen was passed through the furnace until 
by volume of sulphur dioxide were made up with nitrogen, and — the operating temperature of 1350 F was attained. Then the 
were used to supply the desired percentages (either 0.02 per cent — nitrogen flow was stopped and the synthetic combustion atmos- 
or 0.2 per cent) of sulphur dioxide in the furnaces by injecting the — phere was introduced at 100 ce per min. Hach test was continued 
proper quantity of this mixture into the main gas stream contain- — for 1000 hr. 
ing the other gases. Kight 1000-hr tests were made to include all the possible com- 
In actual practice, it was not possible to achieve the intended — binations of the three variables in the furnace atmospheres, 
compositions exactly, but the gases were analyzed frequently and = Table 3 shows the intended concentration levels of the variables 
a record of their actual composition is given in Table 2. in the eight tests. 


-_ TABLE 2 ANALYSIS OF INLET AND EXHAUST GASES AT CORROSION-TEST 
FURNACES 


8 (Average of analyses made at periodic intervals during the 1000-hr test period) 
Per cent by volume - 
Exhaust Inlet Exhaust Inlet Exhaust Inlet Exhaust Inlet Exhaust 
022 «40.014 <0.001 00 11.7 
018 013. 119 
O19 9.! 11.0 
O19 0.000 9.3 
22 1 Ss 10.0 
2% 010 0.000 8 9.3 
10 YW 10.4 
0.000 9.2 10.2 


CO -—COr 


0 08 20.3 0.02 = 
0.06 111 0.02 
0.06 10.0 0.24 
: 14.54 0.15 
0.09 21.45 0.13 
0 07 10.36 0.15 0.45 Ti 
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The alkali components in the synthetic atmospheres were 
intended to simulate the effects caused by alkali metals in the 
fuel. This is a complex problem because of the many components 
which have been found in external deposits on boiler tubes and in- 
sufficient knowledge about the mechanism of their formation. It 


CONCENTRATION LEVELS FOR EIGHT TESTS 
co, 
per cent 


4 TABLE 3 


802, 
é cent 


“Alkali” 


at 


is conceivable that the salts, or their components, may be present 
in the solid, liquid, or vapor state depending on the temperature 
Also, eutectics having low 
melting points might be formed by reactions between the alkali- 
metal salts and oxide scale on the tube surface. Therefore, in 
the present tests, a salt mixture was made containing a few of the 
components which have been found in external deposits on tubes, 


at various locations in the boiler. 


Sodium sulphate is 4 common constituent of such deposits, and it 
was taken as the main component of the experimental mixture. 
Sodium silicate and slumina were added, resulting in a mixture 
containing 75 per cent sodium sulphate, 20 per cent sodium sili- 
eate (Na,0:3.3 SiO.) and 5 per cent aluminum oxide. In the 
corrosion tests the alloys were partially immersed in the salt 
mixture, and exposed in the furnaces with the corresponding gas- 
eous components. 

Analyses of gases entering and leaving the furnace were made 
at periodic intervals, and the average values for each test are 
shown in Table 2. 
and CO was determined with an MSA carbon-monoxide tester. 
The SO, was determined by bubbling » measured volume of the 
gas through water containing a known quantity of standard 
iodine solution and titrating the excess with sodium thiosulphate 
Minor variations in the SO, concentration from day to 


Orsat analyses were made for and He, 


solution. 
day could be corrected by adjusting the flow rate from the SO.-N, 
cylinder, but the other components were fixed by their concen- 
tration in the high-pressure cylinder in which they were made. — It 
was observed, however, that a uniform composition was not ob- 
tained unless the gases were mixed thoroughly by rolling the 
evlinders prior to use. 


Resuvts or Tests 


At the completion of the tests the specimens were cooled in a 
nitrogen atmosphere and then removed from the furnaces. They 
were desealed by the sodium-hydride process, examined for ap- 
pearance, and weighed to determine the quantity of metal lost by 
corrosion. Table 4 summarizes the values obtained in the eight 
laboratory tests, 

A glance at this table shows that the corrosion in all cases was 
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very mild. Most of the specimens lost less than 0.001 in. of metal 
per year by scaling. Comparisons made between alloys in the 
same atmosphere, or between specimens of one alloy in the eight” 
different atmospheres, showed minor differences which might 
easily be within the limits of accuracy of the experimental pro- 
Therefore a statistical analysis of the data was made to 
determine their significance. 
The metal-loss results of all eight tests, comprising twelve — 
alloys, two levels of sulphur dioxide, two levels of carbon mon- | 
oxide, and two levels of alkali, were examined by means of the — 
The four variables were evaluated 


cedure. 


ordinary analysis of variance, 
separately, and also for interaction effects. 

In evaluating the variables in the furnace atmosphere, the 
statistical analysis indicated that the decrease in metal loss shown — 
by increasing the carbon-monoxide content from 0.01 to 0.10 per 
Neither was the slight increase in metal y 
The increase in sulphur = 


cent was not significant. 
loss noted in the alkali-metal salt tests 
dioxide, however, resulted in almost doubling the average metal “a 
loss and, statistically, this was significant at the 5 per cent level; 
that is, there was only «a one-in-twenty chance that the observed 
results were not significant, 

Only one interaction effect was found to have any significance. 
In these experiments, the effect of increasing sulphur dioxide in 
the presence of 0.01 per cent carbon monoxide was to increase 


corrosion. In the presence of 0.10 per cent carbon monoxide, 


however, a reverse effect was obtained and corrosion decreased 
with increasing sulphur-dioxide concentration. 
usual circumstances in the experimental work may have Wie 


Although un 


these effects, the statistical analysis indicated them to be highly 
Therefore further research on the corrosive action 
of combinations of sulphur dioxide and carbon monoxide in flue 


significant. 


gases appears warranted. 

The alloys were evaluated on the basis of both metal loss from 
sealing, and the extent of subsurface attack. The latter was de- — 
termined by examination at high magnification of cross sections ix 


Inter- 


showing the appearance of the metal beneath the surface. d 


granular corrosion, decarburization, and similar effects were 


results are summarized in Table 5. — In Fig. 2 the average metal 


loss and subsurface attack sustained by each alloy in the eight 


taken as indications of attack of the metal under the seale, and the — 
depth to which such attack penetrated was measured. The > 


1000-hr tests are plotted for comparison. This shows quite 
graphically the relative importance of subsurface attack. 
the majority of the alloys, subsurface attack was greater than the — 
metal lost by sealing. Although the severity of corrosion under — 
the test conditions was not very great, it was possible to detect 
some trends which should aid in the selection of an alloy for use at — 
the temperature under consideration. In general, the higher — 
alloys, such as AIST 3098, 314, 310, and 309 appear to have the | 


For 


best combination of low sealing and low metal loss, This is in-— 
teresting because it verifies the conclusions reported on the basis — 


of the field tests.' However, AISI 304 also behaved very well | 


TABLE 4 METAL LOST BY SCALING IN SYNTHETIC COMBUSTION ATMOSPHERES AT 
1350 


(Effect of variation in SOs, CO, and alkali 
0.02 per cent SO, 


Results reported in inch/year * 1000 
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@ METAL LOSS FROM CORROSION 
SUBSURFACE PENETRATION 


Average Corrosion oF 


in the laboratory tests, showing relatively low metal loss and sub- 
surface attack. Inconel, which looked best from a metal-loss 
standpoint, together with ALSL 308 and 316, were shown to be 
subject to noticeable but not necessarily serious subsurface attack. 
Alloys showing considerable subsurface attack included AISI 321 
and 347, and 16-25-6. 
sealing and therefore do not appear suitable for this particular 


These also Jost considerable metal by 


high-temperature service 
SUMMARY AND CONCLUSIONS 


The resistance of twelve commercially available alloys to gas- 
eous combustion products at 1350 F was evaluated in a series of 
eight 1000-hr laboratory Two concentration levels of 
sulphur dioxide, carbon monoxide, and alkali were tested in 
a}t possible combinations to show the effects of these variables in 
controlled experiments, and to determine the surface stability of 
the metals for superheater tubing use at 1350 F metal temperature 


tests. 


in a variety of combustion atmospheres. 

The conditions s ‘ected for these tests were not sufficiently 
severe to cause excessive scaling, and any observed differences 
between the various metals under any of the given conditions were 
of a minor order of magnitude. The mean corrosion rate was de- 
termined for each alloy by averaging the results of the eight tests. 


Test Matertats Various Syntuetic ComBusTION ATMOSPHERES 


From the standpoint of metal loss only, Inconel showed the least 
attack, and it was followed closely by a group consisting of AISI 
310, 314, 309, and 3098S. Only four alloys, AISI 316, AIST 321 
17-14 Cu-Mo, and 16-25-6, lost more than 0.001 in. per year from 
surface corrosion. 

The extent of penetration by subsurface attack also was de- 
termined for the alloys by metallographic examination of cross 
sections of the specimens. Subsurface attack was shown to pene- 
trate to a considerably greater depth than scaling attack on many 
of the alloys. The best combination of low metal loss and mini- 
mum subsurface attack was shown by alloys of the 25 per cent 
Cr, 12 per cent Ni; and 25 per cent Cr, 20 per cent Ni types. It 
was interesting to observe, however, that AISI 304 (18 per cent 
Cr, 8 per cent Ni) was also among the best on the basis of total 
depth of metal affected. This was not borne out by the field-test 
results, possibly because the corrosive conditions may have been 
Alloys 16-25-6, 321, 347, 308, and 316 showed the 
greatest subsurface attack. Inc one! apparently is also subject to 
this type of attack. 

With the exceptions just mentioned, the laboratory-test re- 
sults checked the field-test results in a general way. This is 
particularly true when considering only those units burning natu- 
ral gas and low-sulphur coal. The conditions cee from 


more severe, 
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burning high-sulphur high-vanadium fuel oil were not included in 
the laboratory tests. 

A statistical evaluation of the metal-loss results indicated that 
the increase in corrosion caused by increasing the sulphur dioxide 
in the atmosphere from 0.02 per cent to 0.20 per cent was signifi- 
eant. No significance could be attached to the minor differences 
caused by variation in carbon monoxide content up to 0.1 per cent 
by volume, nor to the differences obtained by partial immersion of 
the specimens in an alkali metal - salt mixture during the tests. 
The mechanism of corrosion resulting from the presence of alkali 
metals in the fuels is a complex problem which requires further 
study. 
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Discussion 
M. ScurReiner.. This series of tests is an important contribu- 
tion to the literature. The similarity of the results in the present 
paper to those obtained in the field are remarkable. This type of 
test with its suggested improvements is expected to become a first 
step leading to a clearer understanding of the corrosion of mate- 
rials at elevated temperatures. Operating experience with marine 
boilers generally confirms the results of the authors. 
The SQ, content of exhaust gases appears to be the same as 
The writer cannot help but feel that this 
Should not some SO; have been found in 


that of the inlet gases. 
is an unexpected result. 
the exhaust gases? It is agreed that combustion gases from high- 
sulphur fuels are more corrosive, but it is considered that it is more 
relevant to the problems to know which of the sulphur com- 
pounds is the culprit. 

It is noted that the only high-silicon alloy tested is the AISI 314 


alloy. Comparing this with its low-silicon counterpart, AISI 


® Captain, U.S.N., Commanding Officer and Director, U.S. Naval 
Boiler and Turbine Laboratory, Naval Base, Philadelphia, Pa. 
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310, seems to show that silicon may inhibit subsurface attack 
Similar behavior with silicon has been observed previously. 
Could this suggest an improvement if a high-silicon AIST 300S8- 
The reduction in nickel content afforded by 
use of the ALSIT 309S-type is of strategic importance. 

The U. S. Naval 
sturted a similar test program. 


type alloy were used? 


Boiler and Turbine Laboratory recently 
A small furnace fitted with tube 
A special fuel is fired as a control to deter- 


The fuel then may be 


banks is in operation. 
mine the effects of temperature alone 
modified to provide exhaust gases with high-sulphur, high- 
vanadium, or high-ash contents, singly or in combination, respec- 
tively. 

Avuruor’s 


Captain Schreiner has brought out two important points in his 
discussion. His concern over the fate of the SOQ, certainly is 
justified, and we agree that some SO, was probably formed in the 
furnaces. The main objective of the work described in the paper 
was to study the behavior of allovs under the prescribed condi- 
tions, rather than to study the chemical reactions and the mech- 
anism of the corrosion processes. Therefore we made careful 
analyses of the inlet gases, to insure that the desired conditions 
but 


merely to verify that the intended gases had passed over the 


were present, analyses of the exhaust gases were made 


alloy specimens. The exhaust-gas results are not significant in a 
quantitative sense, because the hydrogen in the inlet gas had 
burned to water, in passing through the furnace, and because our 
analytical procedure did not account for any SO, which might 
have been present 

We agree with Captain Schreiner’s comment about a high- 
silicon, AIST 3098-tvpe alloy. The results appear to make such 
an alloy a logical choice for further investigation, In our experi- 


ments, only commercially available alloys were seleeted for 


testing. The question of availability and fabrication into the 
desired shapes might also be factors in selecting alloys for super- 
heater tubing 
We are glad to note that the U.S. Naval Boiler and Turbine 
Laboratory is working on « similar program. There is a great 
need for reliable data on corrosion and oxidation effects to provide 
a basis for improved designs of high-temperature steam-genera- 
tion equipment, 
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of Cast Fe-Cr-] 


F Alloys to 


Corrosion in Oxidizing and Reducing 


Flue-Gas Atmospheres 


* By J. H. JACKSON,!' C. J. SLU UNDER,? O. FE. HARDER,?® anv J. T. GOW* 


Corrosion of iron-chromium-nickel castings by sulphur- 
bearing gases at 1800 2000 F has been investigated for the 
Alloy Casting Institute in a comprehensive series of tests. 
The sulphur was varied from 0 to 500 grains per 100 cu ft in 
both reducing and oxidizing flue gases. The effects of 
cyclic temperature fluctuations and alternately oxidizing 
Both metal 
loss and subsurface attack were considered in evaluating 


and reducing atmospheres were also studied. 
the alloys. A wide range of composition of the ternary 
system Fe Cr-Ni was studied with the chromium varying 
from 11 to 36 per cent and the nickel from 0 to 70 per cent. 
Although the behavior of the present commercially im- 
portant alloys deviated in specific instances, it was shown 
that, in general, the HE (28 per cent Cr, 9 per cent Ni), 
HK (26 per cent Cr, 20 per cent Ni), and the HH (26 per 
cent Cr, 12 per cent Ni) types had the best resistance 
under a variety of test conditions. The HW (12 per cent 
Cr, 60 per cent Ni) alloy was generally better than the HT 
(15 per cent Cr, 35 per cent Ni) alloy and both performed 
well until the sulphur content of the gas was raised to 
100 grains per 100 cu ft. The HX (17 per cent Cr, 66 per 
cent Ni) and HU (19 per cent Cr, 39 per cent Ni) alloys were 
generally better than the HW and HT types; however, 
they too were inferior to the HE, HK, and HH types when 
sulphur contents were 100 grains per 100 cu ft or higher. 
The HF (20 per cent Cr, 10 per cent Ni) alloy originally 
designed for temperatures below 1600 F performed rea- 
sonably well in the tests, and at 1800 F in reducing at mos- 
phere containing at least 100 grains of sulphur per 100 cu 
ft, the alloy was slightly superior to the HW and HT types. 
In general, corrosion in the higher-sulphur-bearing at mos- 
pheres was much less severe when the flue gas was oxidizing 
than when reducing. 


INTRODUCTION 
Hk. extensive use of iron-chromium-nickel alloy castings in 
various applications has been dictated by their desirable 
mechanical and 
Structural 
and assemblies for some chemical processes must retain their 
strength at the high operating temperatures involved. It is 


chemical properties at elevated tem- 


peratures. members for use in furnaces, boilers, 


! Supervising Metallurgist, Battelle Memorial Institute, Columbus, 
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estimated, for example, that the cast-alloy hangers used in boiler 
furnaces may reach temperatures of about 1900 F or more, and 
alloy manufacturers have had to develop alloys strong enough to 
withstand considerable stressing at these temperatures. Some of 
the many publications on the results of research on these factors 
are listed in the Bibliography (1, 2, 3, 4).° 

It must be recognized that while high-temperature strength 
properties of alloys should be given first consideration in the selec- 
tion of an alloy, the maintenance of these properties in severe 
Oxidation is an 
obvious and common form of meta] deterioration, and has been 


corrosive environments is equally important 


the subject for numerous fundamental and practical studies 
The Alloy Casting Institute has sponsored research in this field at 
Battelle Memorial Institute, and the publication by Brasunas, 
Gow, and Harder (5) summarized the results of oxidation experi- 
ments in air at 1600 to 2200 F on a comprehensive series of cast 
iron-chromium-nickel alloys 

In this paper, attention is directed primarily toward attack by 
This subject is of interest in many ap- 
plications, such as furnaces, boilers, and gas turbines, where fuels 
containing sulphur are burned, 
gations on the corrosive effects of gaseous sulphur compounds in 
Many of these refer to work done 


sulphur-containing gases. 
The results of numerous investi- 


flue gases have been published. 
at relatively low temperatures to meet the needs of specific in- 
dustries. However, some of the observations and principles 
reported are of interest and may apply equally well to high-tem- 
perature applications. A few of the published articles are re- 
viewed briefly here to provide a background of previous work and 
to illustrate the seope of the problems that were investigate 1. 
Gruber (6) studied the effect of sulphur-bearing gases on vari- 
It was shown that nickel 
decreased resistance to sulphur attack and that hydrogen sulphide 
Chromium and aluminum 
added to alloys were reported to increase their resistance to such 


ous steels at temperatures up to 1830 F, 
Was more active than sulphur dioxide. 


corrosion, 

An indication of the mechanism of sulphur attack was given in 
a paper by Murphy (7). 
were exposed to combustion gases containing sulphur at 2000 and 
2300 F. 


concentration was increased to 0.2 per cent and more slowly up to 


Various plain-carbon and alloy steels 
Scaling losses increased rapidly as the sulphur dioxide 
0.5 per cent. Analysis of the scale indicated that the inclusions 
at 2000 F were chiefly sulphides, while at higher temperatures 
they were oxide-sulphide complexes. The sulphur content in the 
outer layers of the metal surface was much greater in alloy steels 
containing nickel than in plain-carbon steels 

The paper by Rickett and Wood (8) is valuable because it rep- 
resents an attempt to determine the mechanism of attack at 
temperatures up to 2000 F. 
temperature, gas velocity, and composition on the attack of Fe-Cr 


The influence of variables such as 
alloys was studied under controlled conditions. It was reported 
that both the composition of seale produced and the effect of 
time and temperature are consistent with a proposed diffusion 


® Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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hypothesis, Houdremont and Bandel (9) also discussed this prob- 
lem from the standpoint of a methodical investigation of the 
variables, They pointed out that attack by hydrogen sulphide is 
usually much stronger than that by sulphur dioxide because lack 
of oxygen renders the formation of protective oxidic layers im- 
possible, Low-melting iron and nickel sulphides and eutectics 
may form, which will be molten at the operating temperatures 
causing severe attack of the metal, Determination of loss in 
weight of metal by corrosion was not considered a sufficient means 
of evaluation. It was necessary that the structure of the scale, 
and changes occurring below the surface be given close attention 

Preece and Riley (10) investigated the behavior of some ordi- 
nary and alloy steels in furnace atmospheres containing sulphur 
dioxide. They presented many curves illustrating the change in 
corrosive attack resulting from absence or presence of carbon 
monoxide in the furnace atmosphere, Presence of sulphur diox- 
ide caused breakdown of the protective oxide films on metals and 
intererystalline penetration of corrosion, Deearburization and 
formation of oxide-sulphide complexes were mentioned as other 
evidences of corrosive attack. 

Gi. Tolley (11) discussed the problem from the standpoint of 
oxidation of sulphur dioxide to sulphur trioxide on coming in con- 
tact with hot steel in a flowing sulphur dioxide-air mixture. He 
considered this to be of great importance in determining the rate 
of corrosion, even when only small quantities of sulphur dioxide 
were involved, 

Many other investigators have published results of their studies 
on this subject, but the few discussed in the foregoing were se- 
lected to illustrate the variety of viewpoints and to indicate the 
complexity of the problem, rather than to report results. In the 
continuing research for the Alloy Casting Institute at Battelle 
Memorial Institute, the behavior of cast-iron chromium-nickel 
alloys under a wide variety of conditions was investigated to aid 
designers in the intelligent use of alloy castings. The early work 
was reported by Gow (12). He covered details of the work con- 
ducted to 1947. Since that time, additional tests have been run 
and now a more complete review of the work can be presented. 


EXPERIMENTAL WoRK 


In this research on corrosion of cast iron-chromium-nickel 
alloys for the Alloy Casting Institute, the apparatus shown in 


Fig. 1 was used. This unit consisted of three Globar-heated 


Fic. 1) Simprirtep CHart 
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furnaces with cylindrical muffles of sillimanite placed in a vertical 
Metered amounts of the gaseous atmosphere were fed 
Gases were exhausted 


position. 
to the muffles from a mixing chamber. 
from the bottom of the muffles to a trap. 

The test specimens were machined and then surface-ground to 
0.375 in. diam X 1,000 in. long. Eight to ten specimens were 
mounted on a porous refractory-brick rack of the K-30 type, 
which was positioned in the center of a 2*/,in-diam sillimanite 
tube, as shown in Fig. 2. 

An example of the appearance of a set of specimens after a cor- 
rosion test is shown in Fig, 3. 

Typical flue-gas atmospheres representing oxidizing and re- 
ducing conditions were compounded for this work as given in 
Table 1. These compositions represent the gas mixtures in the 
ATMOSPHERES 
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test furnaces, as determined from an analysis of the inlet and exit 
gases. In actual practice, hydrogen and oxygen were added with 
the other gaseous components in the proper amounts to form the 

_ desired percentage of water vapor by combustion in the furnaces. 
Sulphur was added to the oxidizing flue gas in the form of sulphur 
dioxide and to the reducing flue gas in the form of hydrogen sul- 


= 

3) APPEARANCE OF Specimens Arrer 100-Hrk Exposure at 

1800 F ro Five-Gas ATMosPHERE CONTAINING 100 gS; 
Approx 


Deca RBURIZATION OF SUBSURFACE 


IN 


EXAMPLE OF 


(Etehed in aqua regia; X 2! 


The specimens were measured carefully and weighed before 
testing and the Joss of metal by corrosion was calculated from the 
original surtace area and the change in weight measured upon re- 
moval of the corrosion product after testing (13), The descaling 
was accomplished cathodically in a molten-salt bath of 60 per cent 
sodium hydroxide, 40 per cent sodium carbonate. To determine 
subsurface corrosion, the specimens were sectioned and examined 
under the microscope. 

In this research, a series of cast alloys ranging in composition 
from 11 to 36 per cent chromium and from 0 to 70 per cent nickel 
was investigated. Not all of the allovs were included in each 
test. The cross-hatched sections in the figures to follow will indi- 
eate the range of the iron, chromium, and nickel contents of the 
allovs investigated. The carbon contents of these alloys were, 
for the most part, between 0.42 and 0.49 per cent, silicon from 1.2 
to 1.35 per cent, manganese from 0.68 to 0.78 per cent, and nitro- 
gen of the order of 0.07 per cent, although, in a few instances, al- 
loys having as low as 0.03 and as high as 0.139 per cent nitrogen 
were tested. It will be recognized that these compositions are 
In subsequent paragraphs, 
considerable reference will be made to eight common alloy des- 


tvpical of cast heat-resistant alloys, 


ignations of the Alloy Casting Institute. These alloy types and 


their compositions are given in Table 2. 


TABLE 2 ALLOY TYPES AND COMPOSITIONS 
Per cent - 
ACI Man- 
Designation Chromium Nickel Carbon Silicon ganese 
(max) (max) 


2 
2 
35 
35 
35 


35 


2 
2 
2 
3 
2 
2 
2 
2 


In the following sections the corrosion of these various alloys 
will be described in terms of their metal loss, which is an indica- 
tion of the amount of surface metal consumed through scaling, 


hic. Examece or Type or Sussurrace Cor- 
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attack. This includes not only the metal completely consumed 
by sealing, but also the depth of metal below the scale-to-metal 
interface affected by corrosion. The latter, described here a 

subsurface corrosion, consists of decarburization of the metal, a 
shown in Fig. 4; intergranular penetration, as shown in Fig. 5 
and massive infiltration, as shown in Fig. 6. Intergranula 
penetration takes place not only along grain boundaries of th 

cast alloy, but also along the interdendritic network of primar 

cast carbides. Massive infiltration has been used to describe 
areas where the corrosion product has penetrated the metal to 
such a degree that only isolated islands of the metal remain. 


Corrosion or Cast ALLOYS IN A RepucING FLUE-Gas 
ATMOSPHERE 


It has long been felt that the most severe service for cast Fe-Cr- 
Ni alloys is in reducing flue-gas atmospheres containing hydrogen 
sulphide (6). In Figs. 7, 8, 9, 11, and 13, there is shown a series of 
ternary diagrams indicating the extent of metal loss in reducing 
flue-gas atrnospheres over a 100-hr test period, when the sulphur 
content was progressively increased from 0 to 5 to 100 to 300 to 
HOO gs 

The sulphur content of combustion gases encountered in service 
will vary considerably with the fuel and the combustion condi- 
tions. Typical obtained ordinary 
conditions of combustion for various fuels are listed for guidance 


sulphur contents under 


in Table 3. 


rABLE 3 TYPICAL SULPHUR CONTENTS RESULTING FROM 
COMBUSTION OF VARIOUS FUELS 
4 we Typical 
sulphur 
7 content of 
> combusted 
4 Fuel gas, gS 


Unpurified fuel gas containing 600 gS 125 
Purified coke-oven or producer fuel gas containing 30 


as 6 
High-grade fuel oil containing 0.7 per cent by weight 

of sulphur ane 60 
High-sulpbur Bunker-C fuel oil with 2.5 per cent by 

weight of sulphur....... rey 215 
Low-sulphur bituminous coal with L per cent sulphur 55 
High-sulphur bituminous coal with 6 per cent sulphur 330 


The sulphur was added to the reducing flue-gas atmospheres in 
the form of hydrogen sulphide, much as it would be present in an 
actual combustion atmosphere. In some of the early experi- 
mental work there was no examination of specimens under the 
microscope; thus data on subsurface corrosion for all conditions 
of testing are incomplete. However, results of tests in reducing 
flue-gas atmospheres containing 100, 300, and 500 gS are available 
and are plotted in Figs. 10, 12, and 14. 

As shown by comparing Figs. 7 and 8, there was little change in 
metal loss when the sulphur was increased from 0 to 5 gS. Fur- 
ther, when the sulphur content of the reducing flue-gas atmos- 
phere was increased to 100 gS as illustrated in Fig. 9, there was 
little change in the metal loss until the nickel content of the alloys 
exceeded about 20 per cent. Thus the commercial alloys of the 
Hk, HEF, HH, and HK types performed about as well at this 
higher sulphur content as they did at the lower contents. On 
the other hand, nickel contents above 20 per cent did not have so 
great a beneficial effect on the alloy as when the tests were made 
at lower sulphur levels. This is shown by the fact that the com- 
mercial alloys of the HT and HW designations corroded at rates 
of the order of 0.10 to 0.25 in. per year, whereas in reducing flue- 
gas atmospheres containing lesser amounts of sulphur, these alloys 
had relatively low corrosion rates, of the order of 0.025 in. per 


year. The HU and HX alloys which were specially designed for 


® The symbol, gS, is used to represent grains of sulphur per 100 cu 
ft of gas. In an oxidizing flue gas, 1 gS would be equivalent to 
0.0016 per cent SO, by volume, or in a reducing atmosphere, it 
would be equivalent to 0.0016 per cent H»S. For those who use 
metric units, | gS equals 0.023 gram 
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or Type oF SUBSURFACE 
CORROSION 
(Etched in aqua regia; 


6 
x 250.) 
this type of service by ACI are shown in Fig. 9. These two alloys 
had good resistance to corrosion under these conditions, and 
would be good substitutes for the HT and HW alloys where these 
alloy types are indicated by other service requirements. 

An examination of Fig. 10 reveals that when the sulphur level 
of the reducing flue-gas atmosphere is 100 gS, and when the test is 
conducted at 1800 F, the total depth of metal affected by corro- 
sion is likely to be many times greater than the depth of metal lost 
through sealing. In general, the total depth of metal affected 
under these particular conditions appears to be of the order of 4 to 
10 times as great as the depth of metal lost by sealing. It appears 
that for commercial alloys, as we presently know them, accepta- 
ble values for the total depth of metal affected by corrosion un- 
der these conditions may be placed at about 0.2 in. per year maxi- 
mum, as shown in Fig. 10. To maintain a total depth of metal 
affected of less than 0.2 in. per year, as the nickel content is in- 
creased from 0 to 45 per cent, the chromium content has to be 
increased from about 19 to about 33 per cent. Thereafter, as the 
nickel content increases, a lesser amount of chromium can be 
utilized to protect the alloy, and when the nickel content reaches 
65 per cent, the chromium can drop to the order of 20 per cent 
without exceeding the 0.2-in. per year rate 

The rates of attack of the various commercial alloys are of 
considerable interest. As shown in Fig. 9, the HI, HH, Hk, 
IU, and HX alloys appear to have desirable low rates of metal 
However, as shown in Fig. 40, only the HI. and HH alloys 
can be expected with reasonable certainty to have good resistance 
to subsarface attack in this atmosphere. The HK, HF, and HX 
alloys might perform reasonably well, but the HU, HT, and 
HW alloys probably would be seriously attacked 

When the reducing flue-gas atmospheres contained 300 or 500 
gS, much higher rates of metal loss were encountered and only the 
HE and HH commercial alloys appeared to offer any measurable 
degree of resistance to scaling, as shown in Figs. 1] and 13. The 
total depth of metal affected under these conditions of testing is 


loss. 
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Gas ATMOSPHERE 
(100-hr test period.) 


Loss at 1800 F Repuctne FLug-Gas ATMOSPHERE 
CONTAINING 100 gS 
(100-hr test period.) 
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Loss at 1800 F Repuctnc ArMos- 
PHERE CONTAINING 300 gS 
(100-hr test period.) 


Fig. 11 


% NICKEL 
Loss at 1800 F 1x Repuctna Fiur-Gas AtTMos- 
PHERE CONTAINING 500 gS 
(100-hr test period.) 


Fic. 138) Merat 


shown in Figs. 12 and 14. Apparently, from the standpoint of re- 
sistance to subsurface corrosion, the HH alloy is much superior to 
the HK alloy at these relatively high sulphur levels. This would 
suggest that the increase in nicke! from about 12 to about 20 per 
cent has resulted in much increased subsurface attack. At the 
higher sulphur levels, sulphidation of the high-nickel alloys be- 
comes of great importance. A small area in Fig. 12, which seems 
to indicate alloys having good resistance to subsurface corrosion, 
in terms of total depth of metal affected at 1800 F in reducing 
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Fig. 12) Toray Deprun or Metat Arrecteo ny Corrosion 
1800 Repucing ArmospHerr Containine 300 gS 
(100-hr test period.) 


hic. 14) Toran Derrn or Arrectrep Corrosion ar 1806 
Fon Repucine ATMOSPHERE CONTAINING 500 gS 
(100-br test period.) 


flue-gas atmosphere containing 300 gS, exists in the region of 60 
nickel, 20 chromium, 20 iron. It would be of interest to learn 
if this region extends over to the 80 nickel, 20 chromium area, 
wherein there lies a region of alloys of great commercial interest. 

At a sulphur level of 500 gS, it is apparent that even the IIH 
and HK alloys, which are the only austenitic alloys which might : 
even be considered for this service, have very high rates of metal 
loss and of total depth of metal affected. For service at 1800 k 
in a reducing flue-gas atmosphere containing 500 gS, it would ap 
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(100-hr test period.) 


pear that an alloy region based on about 30 per cent chromium 
with 10 per cent or less nickel probably would give the best re- 
sistance to attack, The He (28 per cent Cr, 9 per cent Ni), HD 
(28 per cent Cr, 5 per cent Ni), and HC (28 per cent Cr, 3 per 
cent Ni) alloys are commercially available in this range. How- 
ever, even these high-chromium low-nickel alloys appear to be 
relatively poor, Furthermore, special consideration must be given 
to the lower strength of these ferritic alloys at high temperature. 

The effect of raising the test temperature from 1800 to 2000 F 
is shown in Figs. 15, 16, and 17 for reducing flue-gas atmospheres 
containing 5 and 500 gS. It appears from a comparison of Fig. 
15 with Fig. 8 that the increase from 1800 to 2000 F has increased 
metal loss except in the region of the HE and of the HW alloys. 
This increase in metal loss is such that the HT alloy which per- 
formed reasonably well in the fiue-gas atmosphere containing 5 
gS at 1800 F had a much lower resistance to scaling at 2000 F. 

When the reducing flue-gas atmosphere contained 500 gS, the 
corrosion attack was so severe that there was little important 
change in the performance of the various alloys when the tempera- 
ture was increased from 1800 to 2000 F. This is shown by com- 
parison of Fig. 16 with Fig. 13, and Fig. 17 with Fig. 14. Of the 
austenitic alloys, only the HH and HX types appeared to resist 
this type of corrosive attack to any appreciable degree and, even 
so, subsurface corrosion was severe. The HE alloy might be ex- 
pected to perform reasonably well in this service, provided a 
ferritic alloy could be utilized with its much lower strength and its 
susceptibility to the formation of the sigma phase at temperatures 
of the order of 1600 F or less, 

In all corrosion testing at elevated temperature, there is the 
question of whether the rates of metal losy and of the total depth 
of metal affected by corrosion increase with time. If they do, 
corrosive attack will be accelerated, and it is necessary to deter- 
mine this condition before prescribing the alloys for service. To 
determine if an increase in rate of attack occurred as the testing 
time was lengthened, a test of 1000 hr duration was conducted 
The results of this test appear in Figs. 18 and 19. The test was 
conducted at 1800 F in a reducing flue-gas atmosphere containing 
100 gS. Comparison of Fig. 18 with Fig. 9 and of Fig. 19 with 
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APPEARANCE OF Specimens Testep 950 Hr at 1800 F in 
Repvucine Fyve-Gas ATMOSPHERE CONTAINING 100 gS 


(Specimens are placed on ternary diagram at locations which correspond t 
their compositions.) 


Fig. 10 indicates that the corrosion rates of these alloys, under 
the conditions stated, decreased as the time of testing was in- 
creased from 100 to 1000 hr. It was gratifying to find that, as the 
time increased, the various isocorrosion curves were shifted to- 
ward lower chromium contents, as in Figs. 18 and 19; thus the 
only change occurring as the test period was increased from 100 to 


é 
"% NICKEL 
C-65 C-48 
4 


1000 hr was that rates of metal loss and of subsurface corrosion 
for any alloy composition were lower for the longer periods of ex- 
posure. From the results of this test the service life of a part 
might be expected to be considerably greater than would be cal- 
culated from a design based on 100-hr corrosion-rate data. In 
most of the tests described, or to be described, the corrosion rates 
are determined on the basis of a 100-hr test. 

Some rather interesting observations were made on a series of 
alloys tested for 950 hr at 1800 F in a reducing flue-gas atmosphere 


containing 100 gS. The appearance of these specimens in terms 


(a) Alloy C-S80, 21 per cent Cr,0 per cent Ni decarburized; no 


(c) Alloy C-45, 26 per cent Cr,36 per cent Ni decarburization and 
corrosion penetration 
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of the composition is shown in Fig. 20. 
ranged on a ternary composition diagram, so that the relation 
between alloy composition and severity of corrosion may be ob- 
served readily. All of the 11 per cent chromium alloys, and the 
26 per cent chromium, 56 per cent nickel alloy were corroded 
severely. Metallographic examination revealed serious subsur- 
Corrosion of the other alloys 
Several dif- 
ferent types of attack observed in this test are shown by photo- 


The specimens are ar- 


face corrosion on the same alloys. 
included in the test was considerably less intense. 


micrographs 


(b) Alloy C-65 cent Ni decarburization and 


per per 


(d) Alloy C-48, 26 per cent Cr,56 per cent Ni deearburization and 
severe progressive infiltration corrosion 
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21 (a) shows decarburization near the outer surface of a 21 
This nickel-free alloy does not appear 
to be susceptible to other forms of subsurface corrosion; and sur- 
face scaling under these conditions was also very light. The 
completely ferritic 31 per cent chromium, 3 per cent nickel alloy 
behaved similarly and therefore is not shown by a photomicro- 
graph, The 36 per cent chromium, 36 per cent nickel alley and 
the 26 per cent chromium, 36 per cent nickel alloy are shown in 
Figs. 21 (b itly susceptible to decarburizat nd 


Fig. 
per cent chromium alloy. 


(a) Alloy C 


Toward outer surface of specimen. 


-71 unetehed, 11 per cent Cr,3 per cent Ni; & 500 


Metal completely converted to 


(c) Alloy C-26 (HH), x 250 
Decarburization and interdendritic corrosion penetration 


26, per cent Cr,12 per cent Ni; 


22 
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Extensive decarburization 
and severe corrosion infiltration are apparent in Fig. 21 (d), 
showing the attack on a 26 per cent chromium, 56 per cent 
nickel alloy. 
light-yellow in color and are believed to be nickel sulphide (NisS.). 

Figs. 22 (a, b) show the outer edge and core, respectively, of the 
11 per cent chromium, 3 per cent nickel alloy. The metal was 
almost completely converted to scale, with only small islands of 
metal in the core umples of 1 


interdendritic corrosion penetration. 


The geometric shapes in the corrosion layer are 


remaining unattacked | 


(b) Alloy C-71 unetched, 


Central portion of core. 


11 per cent Cr,3 per cent Ni; & 500 
Note isolated islands of uncorroded inetal 


I$ 


(d) Alloy C-22 (HT) 


, 16 per cent Cr,36 per cent Ni; X 250 


Decarburization ont interdendritic corrosion penetration 
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carburization and interdendritic corrosion suffered by TLH and 


HT alloys are shown in Figs. 22 (c, @) 

The 11 per cent chromium, 63 per cent nickel alloy (HW type) 
was shown to be severely sealed in Fig. 20. The photomicro- 
graphs in Fig. 23 show the nature of the scale layer and the sub- 
surface attack. Large amounts of the vellow constituent were 
present in the seale layer, penetrating also intergranularly in the 
decarburized metal layer. 


Scale-atmosphere interface at top of photo- 


Outermost seale. 
Unetched; 500 


micrograph. 


(a) 


(ec) 
metal interface in area completely decarburized; & 250 


hie. 23) Nature or Scare 
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Gray particles of corrosion product immediately below scale- 


Layer AND Supsureace Corrosion or ALLoy 
Gas ATMOSPHERE CONTAINING 100 gS 1 
(950-hr test period.) 
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nickel-content alloys in sulphur-containing reducing flue gases at 
high temperatures. On the other hand, alloys of intermediate to 
low nickel content (less than about 40 per cent nickel), containing 
more than about 16 per cent chromium, appear to resist severe 
attack in a reducing flue-gas atmosphere containing up to 100 gS 
when the temperature is maintained at not over 1800 F 

It is seldom that a heat-resistant alloy is maintained at a con- 
Generally, it is sub- 


stant temperature throughout its service. 


ted to fluctuations in temperature To determine how 


Note geometric pattern of certain are: 
250) 


Seale-metal interface. 
of uneorroded metal; 


(hy) 


is 


(d) Penetration of corrosion product (light yellow) along intergranu- 


lar and interdendritie areas in decarburized metal layer; > 25 
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(100-hr test period with specimens cooled to 300 F every 12 hr.) 
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heating might affect the cast Fe-Cr-Ni alloys, a test was con- 
ducted wherein the specimens were held in a reducing flue-gas 
atmosphere containing 100 gS for 100 hr at 1800 F, but the speci- 
mens were cooled to 300 F every 12 hr. The metal loss resulting 
from this compared with the 
encountered under constant-temperature conditions in Fig. 24. 


type of exposure is loss 
It is apparent that the attack was much more severe under cyclic 
conditions when the nickel content was over about 10 per cent, and 
it increased in severity up to a nickel content of 50 per cent, 
after which there appeared to be a reversal of this trend. Thus, 
of the commercial allovs, only the HE, HF, HH, and HK ma- 
terials were not affected adversely under cyclic operations in so far 
as metal loss was concerned. 

Data on the total depth of metal affeeted by corrosion under 
evelie conditions in a reducing flue-gas atmosphere containing 
100 gS are shown in Fig. 25. Comparison with Fig. 10 shows 
that alloys in the 10 per cent to 40 per cent nickel range require 
approximately 25 to 30 per cent chromium to restrict total corro- 
sion to 0.2 in, per year under either constant or cyclic tempera- 
ture conditions, Cyclic conditions appear to be somewhat more 
destructive for alloys containing less than 10 per cent nickel. 


% NICKEL 
Fic. 27) Mertat Loss at 1800 F Oxipizinag Five-Gas AtTMos- 
PHERE CONTAINING 100 gS 
(100-hr test period.) 


60 100 
NICKEL 


hia. 28) Deprun or Metat Arrectep BY CORROSION AT 
Fo in Oxipizina Fiue-Gas ATMOSPHERE CONTAINING 100 gS 
(100-hr test period.) 


% NICKEL 
hic. 20> Merat Loss at 1800 F Oxipizing Five-Gas Armos- 
PHERE CONTAINING 30U gS 

(100-hr test period.) 


L SORE SIE 


fe 9 10 70 30 40 so 60 70 60 90 100, 


Fic. 30) Deprun or Metat Arrectep BY CoRROSION aT 1800 
Fo rn OxipizinG Fiue-Gas ATMOSPHERE CONTAINING 300 gS 
(100-hr test period.) 


Corrosion or Cast ALLOYS IN AN OxipIzING FLUE-Gas 
ATMOSPHERE 

In addition to the tests under reducing flue-gas conditions, 
corrosion tests at elevated temperature also have been made under 
oxidizing flue-gas conditions with sulphur contents of 5, 100, and 
300 gS at 1800 F, as shown in Figs. 26 through 30. In general, 
corrosion in the oxidizing flue-gas atmosphere containing up to 
100 gS was similar to that which occurred in the reducing flue-gas 
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Fic. 33° Toran Deern or Arrectep BY CORROSION AT 
1800 F Oxipizine Five-Gas ATMOSPHERE CONTAINING 100 gS 
(1000-hr test period.) 
atmospheres, as shown in Figs. 8 through 10. However, as the 
nickel content of the alloys is increased, a lesser amount of chro- 
mium is needed for good corrosion resistance in the oxidizing at- 
Attack in the higher-sulphur-bearing atmosphere 
seemed to be much less severe in the oxidizing flue gas than in the 


mospheres. 


reducing flue gas, as shown by comparing Figs. 29 and 30 with 
Figs. 11 and 12. Thus, with an oxidizing flue-gas atmosphere 
containing 300 gS, it appeared that the HI, HH, HK, and HT 
alloys would have a total depth of metal attacked at a rate less 
than 0.2 in. per vear, and the HF and HW alloys appeared to 
be attacked at a rate of less than 0.5 in. per year. As shown in 
Fig. 31, an increase in the testing temperature to 2000 F increased 
the severity of attack in an oxidizing flue-gas atmosphere con- 
taining 5 gS 

In order to determine if corrosion rates would be altered by an 
increased exposure time, in the oxidizing flue-gas atmosphere, a 
test was conducted for 1000 hr at 1800 F in an oxidizing flue-gas 
atmosphere containing 100 gS. By comparing Fig. 32 with Fig. 
27, and Fig. 33 with Fig. 28, it can be seen that, for most alloys, 
corrosion rates fell off rapidly as the time of test was increased 
from 100 to 1000 hr. This was particularly evident in terms of 
total depth of metal affected. Fig. 33 shows that all eight of the 
common Alloy Casting Institute alloy types were corroded at a 
rate of approximately 0.05 in. per year. 
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Fie. Loss at ALTERNATING OXIDIZING AND 
Repucine Fiur-Gas ATMOSPHERE CONTAINING LOO gS 
(100-hr test period with atmosphere alternated at 12-hr intervals.) 


The effect of evelic-temperature conditions was investigated 
with specimens exposed at a temperature of 1800 F in an oxidizing 
flue-gas atmosphere containing 100 gS for a 100-hr test period, 
with the specimens cooled to 300 F every 12 hr. 
in Figs. 34 and 35. In general, the eyelic-temperature condition 
did not have a severe effect on corrosion attack, at least for alloys 


The data appear 


which contained 20 or more per cent of nickel 

In many industrial operations, it is possible that alloys might 
be subjected to alternating oxidizing and reducing flue-gas atmos- 
pheres. In Fig. 36 data are shown for a series of alloys exposed 
at 1800 F to an alternating oxidizing and reducing flue-gas atmos- 
phere containing 100 g8 for a L00-hr test period, during which pe- 
riod the atmosphere alternated between an oxidizing and a reduc- 
ing tvpe at 12-hr intervals. It would appear that metal loss from 
corrosion Was less severe in the alternating oxidizing and reducing 
flue-gas atmosphere than it was in either the oxidizing flue-gas 
atmosphere at this sulphur level, as shown in Fig. 27, or in the re- 
ducing flue-gas atmosphere with the same sulphur content, shown 
in Fig. 9. 

It has been recognized for some time that an increase in the con- 
tent of certain strong oxide-forming elements often results in an 
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improvement in the corrosion resistance of the iron-chromium- 
In Fig. 37 the effect of an increase in silicon con- 
tent on the corrosion resistance of the 15 per cent chromium, 35 
per cent nickel alloy, the HT type, is shown for exposure in a re- 
ducing flue-gas atmosphere containing 300 gS at 1800 F for a 
period of 100 hr. It is quite evident that an increase in silicon 
content was very effective in reducing the depth of metal af- 


nickel alloys. 


fected by the corrosive attack, although there was little effect 
of the increased silicon content on the depth of metal converted to 
scale. The reduction in the total affected depth with increasing 
silicon content occurred because the alloys became more resistant 
to intergranular or interdendritic corrosion penetration. While 
it was not shown in the figure, tests conducted at 2000 F showed 
that at this temperature, higher silicon was even more effective in 
reducing the total affeeted depth and it also reduced the depth of 
metal converted to scale. 

The effect of aluminum, another strong oxide-forming element, 
on the 15 per cent chromium, 35 per cent nickel alloy is shown in 
Fig. 38. In this case the test was conducted in a reducing flue- 
gas atmosphere containing 100 gS over a 100-hr test period. Ad- 
ditions of aluminum up to 1 per cent resulted in a marked reduc- 
tion in both the total affected depth and the depth of metal con- 
verted to scale, while subsequent additions of aluminum, up to 
Aluminum 
added to these high-alloy materials is believed to be a ferrite or 
sigma-forming element; thus additions of 4'/. per cent might 
cause a reduction in strength and ductility. 

Additions of silicon also were effective when made to the 12 per 
cent chromium, 60 per cent nickel alloy, the HW type, as shown 
in Fig. 39. In this test the alloy was exposed to a reducing flue- 
gas atmosphere containing 300 gS at 1800 F for a 100-hr test pe- 
riod, Both the total affected depth and, to a lesser degree, the 
depth converted to scale were markedly lowered by increases in 
silicon content up to about 2.2 per cent. 

Variations in other elements are of interest in heat-resisting 
alloys. In Fig. 40 the effects of variations in silicon, vanadium, 
and molybdenum content are shown for a 12 per cent chromium, 
60 per cent nickel alloy in a reducing flue-gas atmosphere con- 
taining 100 gS. In this figure the three bars to the left give an in- 
dication of the effect of silicon variation in this particular alloy, 
the 1.2 per cent silicon alloy being typical of the material or- 
dinarily produced. An addition of 2.08 per cent vanadium to 
this particular alloy had little deleterious effect on the depth of 
metal converted to scale. However, an addition of 3.08 per cent 
vanadium resulted in a marked increase in corrosion, both of the 


4'/, per cent, were also of some slight further benefit. 
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subsurface and the metal-loss types. Surprisingly, additions 
of 2.02 and 4.15 per cent molybdenum did not result in serious 
corrosion attack. However, it must be noted that these tests 
were conducted in a flowing, reducing, gas atmosphere and much 
of the difficulty with molydenum-bearing alloys occurs under stag- 
nant oxidizing conditions. 

In attempting to apply these data for design under actual serv- 
ice conditions, it must be appreciated that other factors often 
Oc- 
casionally, corrosion is more severe at one location in the casting. 
Furthermore, only a small proportion of the possible conditions 
encountered in service have been checked in these laboratory 


result in variable behavior of castings in commercial use. 


For example, no attempt was made to determine the effect 
However, in 


tests. 
of high vanadium or alkali content of the fuel 
general, the observations drawn from this experimental work have 
been substantiated in service environments, 


SUMMARY AND CONCLUSIONS 


Corrosion of cast Fe-Cr-Ni alloys in oxidizing and reducing 
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flue-gas atmospheres is a complex phenomenon. Engineers de- 
signing with these materials should base their selections on data 
which reveal how the metal beneath the surface is affected by 
corrosion, and not be influenced entirely by values of rates of sur- 
face scaling or metal loss alone. In addition to scaling, most 
metals at high temperatures suffer subsurface attack. In cast, 
high alloys the subsurface attack may consist of decarburization, 
intergranular or interdendritic penetration of corrosion, or a mas- 
sive infiltration of the corrosion product into the metal surface. 

Corrosion tests were conducted on Fe-Cr-Ni alloys with the 
chromium in the range of 11 to 36 per cent and with the nickel from 
0 to 70 per cent, thus including the commercial cast heat-resisting 
alloys. The alloys were exposed to oxidizing and reducing syn- 
thetic flue-gas atmospheres at 1800 and 2000 F for 100 hr. Some 
1000-hr tests also were made, and the effects of cyelic-temperature 
variations, and alternately oxidizing and reducing atmospheres 
were also examined. 

On the basis of the 100-hr tests, it was shown that under reduc- 
ing conditions, the rates of attack increased as the sulphur con- 
tent of the gas was increased from 0 to 500 gS. Increasing the 
chromium content of the alloys was effective in reducing the rate 
of attack 
atmospheres containing less than 100 gS, but in higher-sulphur 
atmospheres, nickel contents greater than about 15 per cent re- 


Increasing the nickel content also was beneficial in 


sulted in more severe corrosion. 

Under oxidizing conditions, the effect of sulphur up to about 
100 gS was similar to that occurring under reducing conditions. 
However, a lesser amount of chromium was required for good 
Attack 
in the higher-sulphur atmospheres was much less severe in oxidiz- 
ing flue gases than in reducing flue gases. 

The effeet of cyclic fluctuations in temperature appeared to be 


corrosion resistance as the nickel] content was increased. 


dependent on the other test conditions. In reducing atmos- 
pheres, consideral)ly more metal loss oecurred in alloys containing 
over about 10 per cent nickel, but from the standpoint of total 
depth of metal affected, it appeared that the cyclic conditions for 
alloys in the 10 per cent to 40 per cent nickel range had relatively 
little effeet. Slightly greater corrosion was observed on alloys 
containing less than 10 per cent nickel. In oxidizing atmospheres 
the differences in corrosive attack caused by cyclic-temperature 
variation were relatively small. 

Increasing the temperature from 1800 F to 2000 F resulted in 
greater severity of attack. With reducing flue-gas atmospheres 
containing 500 gS at 2000 F, rates of attack were very high even 
for the highest-chromium (30 per cent) nickel-free alloys. 

As the time of the corrosion test was increased from 100 to 


1000 hr for reducing or oxidizing flue-gas atmospheres containing 
100 gS, there was a marked reduction in the observed rate of 
corrosion. Thus acceleration of corrosive attack of cast alloys 
in these particular atmospheres seems unlikely. 

The HE, HK, and HH alloys had the best general corrosion re- 
sistance under the various conditions of the tests. The HW 
(12 per cent Cr, 60 per cent Ni) alloy was generally better than 
the HT (15 per cent Cr, 35 per cent Ni) alloy, and both per- 
formed well until the sulphur content of the gas was raised to 100 
grains per 100 cu ft. The HX (17 per cent Cr, 66 per cent Ni) 
and HU (19 per cent Cr, 39 per cent Ni) alloys were generally 
better than the IW and HT types; however, they too were in- 
ferior to the HIE, HK, and HH types when sulphur contents were 
100 grains per 100 cu feet or higher. The HF (20 per cent Cr, 
10 per cent Ni) alloy originally designed for temperatures below 
1600 F performed reasonably well in the tests, and at 1800 F in 
reducing atmospheres containing at least 100 grains of sulphur 
per 100 cu ft the alloy was slightly superior to the HW and HT 
types. 

At these elevated temperatures, 1800 F to 2000 F, it appeared 
that the ferritic alloys, HE (28 per cent Cr, 9 per cent Ni), HD 
(28 per cent Cr, 5 per cent Ni), and HC (28 per cent Cr, 3 per 
cent Ni), would be somewhat more corrosion-resistant than the 
higher-nickel austenitic alloys when the sulphur content of the 
flue gases was over 100 gS. However, the ferritic alloys have 
much lower strength at these temperatures than the austenitic 
alloys. Thus careful consideration of this factor must be taken 
before utilizing ferritie alloys in design. 

Although cyclic temperatures appeared detrimental, cyeling of 
the atmosphere from reducing to oxidizing did not appear to in- 
crease rates of corrosion. 

Additions of silicon of 1.5 to 2.5 per cent resulted in marked re- 
most commercial cast alloys contain about 
1.2 per cent silicon, Additions of aluminum of about 1 per cent 
also were of great value in reducing corrosion, Additions of 
molybdenum and vanadium resulted in slightly increased rates of 
attack. 

The selection of alloys for castings for elevated-temperature ap- 
plications is based on many factors in addition to corrosion re- 
sistance. Due consideration to variation in ductility, strength, 
and other mechanical, physical, chemical, economic, and foundry 


duction of corrosion 


characteristics should be given the application before varying al- 
loy composition to meet the need for greater corrosion resistance. 

No attempt should be made to utilize these data for wrought 
heat-resistant alloys, because of the lower carbon content and 
thus, greater instability of the wrought alloys 
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active interest to all engineers dealing with the problems of 
It is 
of particular interest as a supplement to the earlier paper® re- 
porting oxidation rates in the air at 1600 to 2200 F for a similar 
There are a few points, how- 


Oxidation Testing and 
in “High-Tempera- 
for Metals, 1950, 


Discussion 
Phe topic of this paper is a subject of real and 


industrial design employing the heat-resistant-alloy grades. 


range of Fe-Cr-Ni compositions 
7 Research Metallurgist, American Brake Shoe Company, Mahwah, 

N. J. 

* Resistance of Iron-Nickel-Chromium Alloys to Corrosion in Air 

at 1600 to 2200 F,"’ by Anton deS. Brasunas, James T. Gow, and 

Oscar FE. Harder, Proceedings of the ASTM, vol. 46, 1946, pp. 870-901, 
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ever, which the writer would like to make in what he hopes will be 
viewed as constructive criticism. 

The earlier paper was most concise in reporting the chemical 
analyses of the experimental alloys tested and their specific 
oxidation rates at each temperature. These values then were 
plotted on the ternary diagrams giving a complete display of how 
the contour lines had been constructed in representing constant 
corrosion-rate levels. The corresponding data are missing com- 
pletely from the present paper, leaving us with no clue as to how 
many alloys were tested or as to the degree of consistency in corro- 
sion-rate trends versus chemical composition. The background 
on which the corrosion-rate contours of the ternary diagrams were 
constructed is thus undefined. 

It long has been the writer's belief that one of the primary 
obligations in reporting scientific data is to provide sufficient in- 
formation to enable other interested workers to repeat or check 
the results. It is regrettable that this is not possible with this 
paper. 

One of the interesting features of the paper on air-oxidation 
rates, was the inclusion of a set of graphs defining the trends in 
corrosion rate with increase of nickel content for each of five 
constant chromium The writer would like to know 
whether a similar set of graphs could be prepared from the test 
results of the individual experimental heats used for this paper. 
This additional method of presentation has certain advantages in 
simplifying the task of appraising the influences of composition. 


levels. 


Two typical flue-gas atmosphere compositions have been re- 
ported on the basis of analysis of inlet and exit gases. The 
writer would like to know the degree to which the exit gases 
differed from the inlet compositions, if any such differences 
existed. The gas mixture reported as “reducing”’ appears at first 
inspection to be rather high in CO, and H,0. 
both oxidizing and decarburizing to carbon steels at 1800 F. 
The behavior of the highly alloyed Fe-Cr-Ni grades admittedly 
will not necessarily follow the same pattern. It would be 
interesting to learn the basis on which this composition was 
termed reducing, especially since many of the photomicrographs 
reveal decarburization and, in some instances, show appreciable 


This gas would be 


scaling. 

It also would be of interest to know whether any change in the 
state of the H.S occurred in passing through the test furnace. 
Did the authors check whether any appreciable fraction of H,S 
was converted to SO, and H,O by the flue gas alone and if so, can 
they comment on the probable behavior of the alloys versus the 
residual content of H,S? In other words, would greater corrosion 
occur if the flue gas were more highly reducing, especially for the 
lower levels of HLS addition? 

The rather outstanding behavior of the HE grade in these tests 
would seem to deserve somewhat additional emphasis. For 
installations where high-temperature strength is not a principal 
requisite, the choice of this alloy merits special consideration for 
sulphur-bearing atmospheres. 


AvutTHuors’ CLOSURE 


Mr. Fellows’ comments on this paper are appreciated. His 
concern about the omission of detailed data tabulations and data 
points on the various graphs is understood. However, the pur- 
pose of this paper was to present the findings of this research in a 
concise form which would be of value to those who wished to use 
this information. The magnitude of this research can be ap- 
preciated when it is noted that forty figures were required to pre- 
sent the data collected. It is the authors’ opinion, supported by 
the comments of other qualified metallurgists, that the purpose of 
the paper would have been defeated if the same data had been 


presented in several different forms. Complete test data are 
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available in the research reports in the files of all AC] member 
foundries. Others wishing to review these data at Battelle are 
welcome to do so. 

The terms “oxidizing” and “reducing”’ that were used to iden- 
tify the atmospheres were intended to refer only to the presence of 
free O, or CO in the inlet gases, and do not necessarily refer to the 
chemical effects of the gases on metals. It is well known in fuel 
technology that atmospheres produced by burning fuels with a 
deficiency of air may actually be oxidizing in their effect on 


metals. The ratios CO./CO and H.O/H, in the water-gas shift 
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reaction determine whether oxidizing or reducing conditions pre- 
vail at various temperatures. 

With regard to H,S, the object in these tests was to introduce a 
reducing atmosphere containing sulphur into the 
furnaces. The reactions within the furnace would depend on the 
temperature and the reducing effect of the atmosphere. It is 
possible that under certain conditions, some of the H,S would be 
oxidized to SO, and H,O. Tests were not made under the 


typical 


strongly reducing conditions that are required to prevent com-_ 


pletely the oxidation of HLS. 
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Tube wastage in the mercury boiler at the South Meadow 
Station of the Hartford Electric Light Company became 
so serious after 5076 hours of operation that it was neces- 
sary to reduce the rating from its 15,000-kw capacity to 
13,500 kw. On June 1, 1950, the company engaged Battelle 
Memorial Institute to study the problem. Twoapproaches 


were considered: (a) Reduction of tube wastage to an 


acceptable rate by covering the tubes with a suitable 
protective coating; and (6) reduction of the corrosiveness 
of the combustion products of the fuel to an acceptable 
level by making a special addition to the fuel. The test 
procedure and results are given in the paper. 


INTRODUCTION 


Hk mereury boiler at the South Meadow Station of the 

Hartford Electric Light Company is one of four such in- 

stallations in the country. It is a binary boiler in that it 
has two separate heat-conversion cycles; in one, the thermody- 
namic fluid is mercury, while in the other it is water. The com- 
bustion gases pass first through the mercury section and then 
through the water section. The mercury section is designed for a 
pressure of 130 psig in the main vapor drum and 300 psig at the 
bottom of the furnace tubes. The saturation temperature cor- 
responding to the latter pressure is approximately 1100 F and the 
maximum metal temperature reached by clean furnace tubes is 
approximately 1225 F when the unit is operating at its full rated 
capacity of 15,000 kw. residual oil. The 
boiler is tubed with Sicromo 55 steel containing approximately 
5 per cent Cr, 1.5 per cent Si, and '/, per cent Mo, together with 
low carbon and nominal amounts of manganese, 
phosphorus. 


The fuel is a heavy 


sulphur, and 


In the beginning, Texas oils were burned. After 908 hr of 
operation, the boiler was inspected and the tubes were found to 
Shortly thereafter, the fuel oil be- 
gan to be obtained from South American sources. 


be in satisfactory condition. 


After 3076 hr total operation, the boiler was again inspected 


He observed 
a well-developed selective attack on the external surface of the 
tubes occurring in the zones of highest heat release and where 
skin-metal temperatures were known to be above 1150 F. He 
described the attack as being in two forms. One occurred in a 
generally vertical direction on the fire side of vertical furnace- 


The results have been described by Douglass (1).4 
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Ohio. 

2 Superintendent of Power, 
Hartford, Conn. Mem. ASME 

’ Supervising Metallurgist, Battelle Memorial Institute, Columbus, 
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Tubes During 


By A. M. HALL,! D. DOUGLASS,? J. H. JACKSON — 
wall tubes and gave the appearance of worm tracks, in that it was 
composed of smooth-surfaced grooves of irregular contour 
These grooves were about #/;_ in, wide, up to 2 in. and more in 


length, and about 0.040 in. in depth. This form of attack ap- 
peared as though the steel had been dissolved away by a liquid 
solvent running down the face of the tubes. The second type of 
After the slag had been 
removed from these areas the steel also appeared to have 


attack took the form of small round pits 


been dissolved away. 

Since the first discovery of the pitting and worm-tracking, the — 
condition of the boiler tubes has been watched carefully. ad 
attack continued and it became apparent that if the corrosion 
were allowed to go on, the resulting tube wastage would be so 
great that the unit, originally designed for at least 20 years of 
operation, would have to be taken out of service after less than 
5 years of operation. 

The Hartford Electric Light Company took steps immediately 
to determine the cause of the unexpectedly severe tube wastage, 
to reduce the rate of attack, and to protect the boiler tubes from 
further attack. The form and location of the worm-track cor- 
rosion strongly suggested that it was associated with an ash of 
low-melting point produced by combustion of the fuel oil, or a 
low-melting mixture of oil ash and tube seale. 


The bulk of the 
fuel oil burned, being of South American origin, was known to 
contain sodium and to be relatively high in sulphur and vana- 
dium. Vanadium pentoxide, the logical product of the burning of 


the vanadium in the oil, melts at 1274 F and is known to form 
mixtures melting as low as 1050 F with other compounds, notably 
sodium oxide (2). 
sodium, and sulphur were found in the ash removed from the 


Since considerable percentages of vanadium, 


boiler tubes, it was thought reasonable that a low-melting mix- 
ture of these elements in oxidized form, i.e., a mixture of vana- 
dium pentoxide and sodium sulphate, was largely responsible for 
the pitting and worm-tracking 

Practical steps were taken to alleviate the situation. Atomi- 
zation was improved. Some of the most corroded tubes were 
cleaned and coated with a high-silica fire clay to protect them 
from attack by the oil ash. A number of fuel additives, including — 
powdered alumina, were tried in an attempt to reduce the cor- 
rosiveness of the ash. 

None of these efforts resulted in a measurable decrease in the — 
corrosion of the boiler tubes. The Hartford Electric Light Com-_ 
pany then decided that, pending a solution to the problem, it- 
would be necessary to operate the boiler at something less than — 
full rated capacity. In this way, skin-metal temperatures could | 
be reduced to the point where the rate of corrosion no longer 
would be abnormally high. It was decided to operate at an out- 
put of 13,500 kw, under which conditions the maximum metal 
temperature was about 1175 F. 

On June 1, 1950, the Hartford Electric Light Company en- 
gaged Battelle Memorial Institute to study the tube-wastage 
problem, 
should be considered: (a) Reduction of tube wastage to an ac- | 
ceptable rate by covering the tubes with a suitable protective 
coating; and (b) reduction of the corrosiveness of the combustion 
products of the fuel to an acceptable level by making a special 
addition to the fuel. 


It was decided that two approaches to the problem 
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A report of abnormal corrosion of the tubes in the mercury 
boiler at Kearney, N. J., was noted (3). The tubing was made of 
Sicromo 5MS8 steel, similar to that used at South Meadow, and 
operated at a metal temperature of about 1250 F. The metal 
loss was attributed to oil-ash corrosion and was reported to be 
about 20 times that predicted from laboratory oxidation tests. 

The intimate connection of slagging, ash deposition, and corro- 
sion with the presence of SO, in the atmosphere has been empha- 
sized in numerous publications (3, 4, 5,6). Sodium sulphate has 
been established as a major constituent of furnace and superheater 
deposits (7), while the presence of vanadium in such deposits when 
a vanadium-containing oil is burned has been confirmed (7, 8, 9). 
Deposits in gas turbines burning heavy fuel oils have been found 
to be mixtures of sulphates of iron, magnesium, and sodium with 
vanadium pentoxide and varying amounts of free sulphuric 
acid (10), 

An extensive investigation (11) of oil-ash corrosion has shown 
that the sealing of heat-resistant steels is accelerated markedly 
by the presence of vanadium-containing oil ash if the atmosphere 
is oxidizing and the temperature is above the melting point of the 
ash. It also was shown that the intensity of attack is a linear 
function of time and greatly increases with rising temperature 
Molybdenum-containing stecls were found to be attacked with 
particular intensity. 

In another comprehensive study (12), the attack of vanadium- 
containing oil ash was found to be general rather than intergranu- 
lar. In partial-immersion tests of 168 hr at 1350 F, low-nickel or 
nickel-free alloys, whether wrought or cast, were most resistant, 
while the so-called “superalloys’’ were the most readily attacked. 
Among the austenitic alloys tested AISI 302 was the best. Some 
ceramics, like high-purity Alundum, were not penetrated. Im- 
pregnation of steel with silicon or chromium improved resistance 
to attack. When test time was extended to 504 hr or test tem- 
perature raised to 1500 F, the metallic materials were corroded 
extensively. 

Vanadium is reported as being inherent in crude oil (10). It is 
evidently dissolved in the oil and cannot be removed successfully 
from it by any known chemical or physical means. Attempts to 
inhibit the effeet of V,O, as a catalyst for the conversion of SO, in 
the combustion atmosphere to SO, have been unsatisfactory. 

Coating boiler tubing to inhibit ash deposition and reduce cor- 
Periodical coating 
The use of alu- 


rosion has been discussed in the literature. 
with sodium carbonate has been suggested (5). 
minum (13) and an aluminum-cadmium alloy 


against corrosion by sulphur-containing atmospheres | 1 
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scribed. Protective qualities have been claimed for a coating 
consisting substantially of lead metaborate (14). The use of 
sealers for sprayed metal coatings has also been discussed. 
Among them asphalt paint, sodium silicate, ethy] silicate (15), 
and mechanical working of the sprayed surface have been men- 
tioned. In no case have specific claims been made that a coating 
will protect metallic heating surfaces against corrosion by the prod- 
ucts of combustion of heavy fu oils. 


EXPERIMENTAL PRocEDURE 


As the investigation developed it became evident that the fol- 
lowing steps should be taken in order to achieve the desired ob- 
jectives: 

1 The development of an effective means of cleaning boiler 
tubes in place to prepare them for the application of a metallic 
coating. 

2 The development of a satisfactory laboratory technique for 
sercening those materials which hold promise of having the prop- 
erties required of a protective coating from those which defi- 
nitely do not. 

3 The actual screening of materials by means of the labora- 
tory technique. 

1 Laboratory investigation of possible fuel additives to be in- 
troduced into the oil to reduce the corrosiveness of the combus- 
tion products. Though this phase was de-emphasized, certain pre- 
liminary experiments were carried out. 

5 Construction and operation of a pilot-plant boiler furnace 
to duplicate the combustion atmosphere and the corrosive condi- 
tions actually prevailing in the mercury boiler at South Meadow. 

6 Investigation in the pilot-plant furnace of surface coatings 
and fuel additives developed in laboratory-scale tests. 

7 Limited experiments in the commercial mercury boiler to 
check certain important results of the work in the laboratory 
pilot-plant furnace. 

8 A large-scale test in the commercial mercury boiler of the 
best methods worked out for the protection of the boiler tubing 
from corrosive attack. 


Laboratory experiments, later confirmed in the South Meadow 
mercury boiler itself, showed that a surface of excellent quality for 
the adherence of sprayed metal coatings could be obtained on the 
boiler tubing even when heavily encrusted with hard deposits. 
The method developed was to use a pneumatic hammer followed 
by grit-blasting, preferably with a mixture of 
0) 25 per cent No. 60 


about 75 per cent 


hilled-iron shot. The appearance 
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of heavily encrusted fog-bank tubing before and after cleaning is 
shown in Fig. 1. 

Laboratory Screening-Test Procedure. In developing a screen- 
ing procedure for coating materials, no attempt was made to 
duplicate the conditions encountered in the commercial mercury 
boiler, However, as a minimum requirement, it was considered 
that the test should make use of an atmosphere similar to that 
prevailing in the mercury-boiler furnace and that, at the same 
time, the test specimens should be in contact with the most cor- 
rosive of the ash compositions likely to be formed. To carry out 
the corrosion tests in an atmosphere of the required controlled 
composition, the apparatus, shown schematically in Fig. 2, was 
used. This unit consisted of three Globar-heated furnaces with 
vertically positioned refractory tubular muffles, to which metered 
amounts of the gaseous mixture were fed. The test specimens 
were supported on a three-deck Alundum rack, shown in Fig. 3. 
The specimen rack was held in the center of the furnace by means 


of a pedestal (not shown in Fig.2), 


. aamesis? ‘Te ‘sts were made for a period of 50 hr at 1150 F, 
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The atmosphere desired in the muffies was approximately 
73.7 per cent No, 3.0 per cent Og, 11.0 per cent COr, 0.4 per cent 
S02, 11.8 per cent water vapor, and ).1 per cent CO. To obtain 
this composition, tanks of gas were made up with the following 
approximate analysis: 69.5 per cent Ne, 8.4 per cent Oz, 10.5 per 
cent CQ», 0.4 per cent SOz, 11.1 per cent Hz, and 0.1 per cent CO. 
During the experimental runs the necessary water vapor was ob- 
tained by the combustion of hydrogen and oxygen. The amount 
of oxygen in the inlet gas was calculated to leave the required ex- 


CORROSION OF 


- 
 MgO-No. 2 


MERCURY-BOILER TUBES 


all the hydrogen. It was recognized 
that the carbon monoxide would probably burn to CO, in the 
oxidizing atmosphere but, since boiler furnaces often show this 
amount of carbon monoxide, an attempt was made to have it 
The gas was allowed to flow through each furnace at a 
rate of 100 ce per min. 

Specimens, 


cess after combustion of 


present. 


«in. square, were cut from X '/,-in- 
wall Sicromo 58S steel tubing. Starting from the inside surface of 
a tube, a 4/s-in-diam blind hole was drilled in the center of each 
specimen to within '/), in. of the outer side. This hole was used 
as a well into which solid corroding agents were packed. All 
specimens were tested with a clean, machined finish. Their 
shape is shown schematically in Fig. 3. 

To determine the corrodent to use in the screening tests, a 
preliminary test run was made in which the corrosiveness of a 
variety of substances was compared. These included sodium bi 
sodium carbonate, sodium sulphate, vanadium pentox- 
South Meadow mercury-boiler furnace, and 


sulphate, 
ide, ash from the 
several mixtures of sodium sulphate and vs ee pentoxide 

250 F, and 1350 
F. Extent of corrosion was determined by nd ne of metal lost 
per unit area due to scaling and slagging. A mixture of 90 per 
cent NaSO, + 10 per cent V,O; gave a type of attack similar to 
that encountered in the Hartford boiler. Since this particular 
mixture was also one of those found by Evans (12) to be com- 
paratively corrosive in his investigation, it was decided that it 
would be used as the standard corrodent in subsequent labora- 
tory screening tests. 

Results of Laboratory Screening Tests. 
conducted according to the procedure outlined, the coating ma- 
terials consisted of (a) refractories, and (b) metallics. Among the 
metallies were a 26 per cent chromium-iron, and a 75 per cent 
iron, 20 per cent chromium, 5 per cent aluminum alloy, both tested 
in the form of solid specimens, for convenience, rather than as 
The 26 per cent 
chromium-iron specimens were cut from a rolled bar. The 75 

per cent iron, 20 per cent chromium, 5 per cent aluminum-alloy 
specimens were sectioned from an as-cast slab. Aluminum and 
copper were tested as coatings applied to the Sicromo 58 speci- 
mens with a metal-spray gun. 

The ceramic coatings were applied with a brush on specimens 
previously cleaned by grit-blasting, dried at room temperature 
for 24 hr, then dried at 350 F for 72 hr. The compositions of the 
coatings are given in Table 1 


In two series of tests, 


coatings applied to a Sicromo 558 specimen, 


COMPOSITION OF TEST COATINGS 
Formulation 
72 ¢@ MeO + 8g ground mica mixed in 100 ce of ethylene 
glycol 
5 Ca(OU): + 2.5 oxalic acid mixed in 240 ce dis- 
tilled water 
72 ¢ MgO + 8 @ ground mica mixed in 45.2 ce potassium 
silicate and 54.8 cc distilled water 
72 @ SiO: + 8g ground mica mixed in 45.2 ce sodium silicate 
and 54.8 ce fistined water 
72 @ AlOs + 8 @ ground mica mixed in 45 
cate + 54.8 ce distilled water 
Quigley's Triple A (composition not given) 
(Composition not given) 
2 lb hydrated lime —-'/: 02 alum 
NaCl—2 oz sodium silicate 
1 qt water 


TABLE 1 
‘Type 
~MgO-No. 1 


CaO 97 


2 ce sodium sili- 


ay 


The first series was run for 50 hr at temperatures of 1150 F, 
1250 F, and 1350 F in the simulated furnaee atmosphere described 
previcusly, using the 90:!0 mixture as the corro- 
dent. The results are shown in Table 2 and Fig. 4 

In the conditions was 
increased substantially. This was done by increasing the test 
period to 150 hr and using temperatures of 1150 F, 1350 F, and 
1550 F. The coating materials tested in this experiment were 
those which appeared promising in the first test together with 


second series the severity of the test 
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SCREENING TEST OF SEVERAL 


MATERIALS 


TABLE 2 50-HR COATING 
—C orrosion rate, in/ at 

Coating 1250 F 

75% Ve-20% Cr-5% Al specimen 

Cr- Fe apecimen 


Specimen 


MgO No. I 
Ai" 
Control Nocoating 
@ Because the aluminum coating could not be removed without removing 
the underlying steel, the corrosion rate could not be measured. 
+ These specimens were heated for 1 hr at 1250 F to bond coating to 
underlying steel. 


Test tempercture, 
Test tempereture, 1250F 


Test tempereture, (350F 


26% Cr- TSFe-20 ceo 
Fe Alloy Cr-Sa Coating 


cost 
‘nites ooting 


Coating Coating Coating 


Type of Cooting or Alloy 


Corrosion Rates tn Inches Per Year or Speci- 
50 He av Temperatures INpicatep 


hia. 4 
MENS Exposep ror 


several additional types. The results for this series are shown in 
Table 3 and Fig. 5. The 
ately after removal from the furnaces are shown in Fig. 6 

At the end of each corrosion test, all specimens except those 
coated with Al were descaled in a molten mixture of NaOH and 
NaeCO,, followed by rinsing in acetone. The molten caustic did 
A method could not be found 


specimens as they appeared immedi- 


not remove the aluminum coating 
for removing aluminum without dissolving the underlying steel 
Consequently, the evaluation of the aluminum-coated specimens 
could not be determined by weight loss, but had to be made by 
visual observation. 

In the 50-hr test, the 26 per cent Cr-Fe alloy (and the Fe-Cr-Al 
1150 F) showed markedly less corrosion 
The alumina and the silica 
coatings also showed considerable protectiveness. From visual 
inspection, the aluminum coating appeared to give good protec- 
tion to the Sicromo 58 specimen. 

In the more severe evaluation test, the 26 per cent chromium- 
iron and the aluminum coating again showed superiority even at 
1550 F, at which temperature most of the other materials showed 
very large corrosion rates. The silica-refractory coating and the 
“Sileo”’ paint also showed promise in this experiment. In ad- 
dition, for temperatures up to 1350 F the MgO-No. 2 mixture 
performed well. 

Though several nonmetallic coatings showed considerable pro- 
tectiveness, examination of them after test indicated that they 
would probably flake and spall if applied to tubes in a boiler. 
None of the nonmetallic coatings was the equal of the better me- 
Therefore in subsequent ex- 


alloy, when tested at 


than the uncoated Sicromo 5S steel. 


tallic coatings in protectiveness 
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SCREENING TESTS OF SEVERAL 
MATERIALS 


TABLE 3 150-HR COATING 
Cc orrosion rate, in at 

Coating material 1550 F 1350 F 

Aluminum® 

Copper 

SiO, 

MgO No. 2 

Whitewash 

AAA 


Specimen 
D 


Sileo 

75% Fe-20% Cr-5% Al specimen 
26% Cr-Fe specimen 
Sicromo 58 control 


® Because the aluminum coating could not be removed without removing 
the underlying steel, the corrosion rate could not be measured. Visual ob- 
servations showed that Al coatings compared favorably with SiOz and MgO 
No. 2 coatings. 


Key 
Tes! temperoture, 


Test temperoture, i350F 


| Tes! temperoture, 


Corrosion Rote, in /¥r 


Mg O-Na2 white 
Coating NeCoeting wash 


26% Cr- AAA 
Fe Alloy Cocting Cooting Coating Cooting 


Type of Cooting or Alloy 


Corrosion Rates or Coated SPECIMENS Exposep ror 150 
Hr at Temperature INpIcATED 


Fic. 5 


perimental work major emphasis was placed on metallic coatings 

Several additional laboratory screening-test runs were carried 
out in which alloys composed of various combinations of Fe, Cr, 
Co, W, Mo, and Ni were tested. 
sistance comparable to the 26 per cent Cr-Fe at 1150 and 1350 F. 
However, none of them was the equal of 26 per cent Cr-Fe at 
1550 

The 26 per cent Cr-Fe alloy also was tested in the form of a 
The re- 
sults are given in Table 4 together with the results for the alloy 
when tested in the form of dense wrought metal. Included also 
are the corrosion rates for the unprotected Sicromo 5S steel. 


A few of these alloys showed re- 


metal-sprayed coating on a Sicromo 58 test specimen. 


PERFORMANCE OF 26— 
ALLOY IN EVALI 


TABLE 4 


TION TES 


Corrosion rate (in/yr) at 
1150 F 1350 1550 F 


0.02 0.03 0.60 


Material 
26 per cent Cr-Fe alloy (wrought) 
Sicromo 58 coated with 26 per 
cent Cr-Fe alloy 
Sicromo 58, uncoated 


0.02 0 07 2.1: 
) 24 0.60 4s 


The influence of temperature on the performance of the 26 per 
cent chromium-iron alloy as a coating on a Sicromo 58 specimen 
in comparison with its performance as a dense wrought metal is 
considered significant. At 1150 F, the chromium-iron coating 
was very protective, the rate of attack being the same as if the 
specimen had been a dense forged or rolled piece of 26 per cent 
chromium iron. At 1350 F, the rate of attack on the underlying 
Sicromo 5S had increased somewhat, but was still much less than 
it would have been had it not been coated with the chromium 
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COATING TEMPERATURE , °F. SPEC 


MATERIAL 1150 


1350 i550 NO 


ALUMINUM 


SILICON DIOXIDE 


=, 


MAGNESIUM OXIDE 


WHITFWASH 


AAA PAINT 


SILCO PAINT 


> 


are 


Fen 
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iron. At 1550 F, the corrosion rate of the underlying Sicromo 
5S was very high, being nearly that of the uncoated metal, 
Evidently the chromium-iron coating afforded very little protee- 
tion at this temperature. 

Metallographic examination showed that although the under- 
lying Sicromo 5S was generaily in excellent condition even after 
the 100-hr test at 1550 F, the 26 per cent chromium-iron layer 
was not intimately bonded to the specimen. A film of oxide had 
formed between this layer and the Sicromo 58. The oxide film 
was thicker in the specimen tested at 1550 F than in that tested 
at 1350 F and extremely thin in the specimen tested at 1150 F. In 
addition, the metal-sprayved layers contained numerous globules 


and envelopes of oxides. Fig. 7 shows the condition of oxidation 
and the various layers on a specimen tested at 1550 F. The im- 
plication of the results of metallographic examination is that the 
sprayed coatings were porous and permitted oxygen and perhaps 
other elements to penetrate and attack the underlying metal 
Furthermore, the rate of oxidation of the Sieromo 55 at the inter-— 
face between the chromium-iron coating and the Sicromo 55 


specimen was greater than the rate of diffusion of metal across 
the interface. The result was that a layer of oxide formed at that 
interface and prevented the coating from bonding to the Sicromo 


5S specimen. In addition, the numerous oxide globules and en- 
velopes in the coating may be considered as pores permitting ac- 
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TABLE 5 


Specimen Condition of specimen 


*PRANSACTIONS 


PHOTOMICROGRAPH OF SpecimMeN G Testep 100 Hr at 1550 


EFFECT OF ADDITIVES ON CORROSION OF SICROMO 58 STEEL# 
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this matter both in laboratory-size tests and in the pilot-plant 
and field tests described later. 

Tests were made of the effect of heat-treating the coating after 
deposition, of painting the coating with sodium silicate, with 
ethyl] silicate (15), and with asphaltum paint. Other tests were 
made on the influence of buffing the coating with a rotary wire 
brush, the objective of which was to cause surface layers to flow 
plastically into the pores and thus seal the coating. In addition, 

‘periments were performed in which multilayer coatings were 

sed. In one combination, a thin metal-sprayed deposit of alu- 

1inum was used to seal an underlying thicker layer of 26 per cent 
Cr-Fe. In another combination, a thin layer of aluminum was 

eposited followed by a thick layer of 26 per cent Cr-Fe. The 
itention in this case was that the aluminum would bond the 
6 per cent Cr-Fe to the Sicromo 58, either during use (corrosion 
st) or as a result of a suitable heat-treatment following metal- 
zing. A three-layer combination was also tried; a thin layer of 
uminum was deposited first, then a thick layer of Cr-Fe, fol- 
wed by a thin layer of aluminum. The first aluminum layer 
as to act as a bonding agent, while the final aluminum de- 
sit was to be a sealer. 

It was found that heat-treatment of the Cr-Fe alloy coating, 

yen at temperatures up to about 2000 F, was of dubious value in 

romoting adherence to the steel basic metal and in reducing po- 
wity. In the case of aluminum coatings, heating to fusion after 

‘position definitely improved bonding and decreased porosity. 

ainting with sodium silicate, ethy] silicate, or asphaltum paint 
seemed relatively ineffective. The same could be said for buffing 
with a rotary wire brush. Three-layer coatings tended to lift 


Corrosion rate 


in/yr 
Corrodent 1150 F 1550 F 


= Coated with Standard? 0.03 
D Uncoated 50% coal ash©— 50° standard 0.08 1 84 
K Uncoated 50% Al—50% standardd 0.09 2.18 
Uncoated 50% SiOr—50% standard 0.10 1.87 
© Uncoated Fe:O;—-standard* 0.10 2.19" 
G Uneoated 50% 50° standard 0.10 2.50 
Uncoated CaO— standards 0.10 2.2% 
neoatec — Standard 0.11 2.5 
Uncoated 0.18 2.28 


“ 100-hr test period. 
plus 10% fused at 1800 F. 


4 This mixture was fused prior to test. 


cess of oxygen to the underlying metal. These pores in the coat- 
ing could not be closed by diffusion processes within the coating 
as long as they were clogged with oxide, 

By applying this reasoning to the data in Table 4 it would ap- 
pear that, at 1150 F, the rate of penetration of the chromium-iron 
coating was very low, and therefore the resulting attack on the 
Sicromo 55 specimen was very small. At 1350 F, penetration 
and attack had increased somewhat, but the coating was none- 
theless affording very good protection. At 1550 F, however, the 
penetration of the coating was so great that it offered little or no 
protection to the underlying metal. Evidently, in all cases, in- 
terfacial oxidation or corrosion prevented bonding of coating to 
underlying metal, 

The screening-test results suggested that, at the metal tempera- 
tures prevailing in the mercury boiler, there was a good possibility 
that a coating of 26 per cent Cr-Fe alloy would afford satisfactory 
protection to the Sicromo 5S tubing. However, it was considered 
that if some means could be found to make the metal-sprayed 
deposit less porous and to improve the bond between the coating 
and the underlying metal, the protection given by the coating 
could be greatly improved. Considerable attention was given to 


47.0% BiOr, 23.0% AlzOs, 21.0% Fe2Os, 2.55% CaO. 


FerO, and V2Os in mixture were present in 2 to | molecular ratio. 
/ CaO and V,Osin mixture were present in 3 to 1 molecular ratio. 
«= and in mixture were present in | to molecular ratio 
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away from the basic metal. The deposition of a thin coating of 
aluminum over a laver of Cr-Fe appeared to have some merit in 
improving the protectiveness of the Cr-Fe coating. Details of 
some of these experiments are given later. 

Laboratory Tests of Fuel Additives. Several laboratory tests of 
various additives which might inhibit the corrosive attack of the 
ash were performed in a manner similar to that employed in 
making the screening tests of the coatings. It was thought that 
the value = an additive could be explored simply by mixing it 
with the Na,SO,-V.O; combination and comparing the corrosive 
attack on a Sicromo 58 specimen produced by the mixture with 
that produced by the Na,S8O,-V,0; combination alone, The tests 
were run for 100 hr at 1150 F and 1550 F in the synthetic flue-gas 
atmosphere. 

The various mixtures tested and the results obtained are shown 
in Table 5 and Fig. 8. 
the beneficial effects of adding coal ash (1), alumina (1), and cal- 
cium oxide (12). Therefore these compounds were included in 
the investigation. One nonmetallic coating also was included 
It consisted of ferric oxide with sodium silicate as a binder. This 
combination proved quite protective at 1150 F, but was subject 


There have been numerous references to 
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to the same limitations as the other nonmetallic coatings dis- 
cussed previously. 

Although from the results some of the additions appeared of 
minor interest, none showed an effect which would be considered of 
On the other hand, it was thought that 
some of the additions might not have performed so well when 
combined with the synthetic ash as they might have if the desired 
element had been burned with the fuel. 
these materials, some attempt had been made to accomplish 
fusion of the additive with the corroding mixture before adding 
the resultant product to the specimens for the test. However, it 
was not believed that satisfactory mixing and combining could 
be achieved other than by combustion of the desired element with 
the fuel. That being the case, it was decided that considerable 
thought would be given to the selection of a suitable additive and 
then a test would be made using the pilot-plant combustion fur- 
nace wherein conditions approaching the commercial installation 
would be obtained. 

Pilot-Plant Test Furnace. As the next step from the labora- 
tory screening test, a test furnace on a pilot-plant scale was con- 
structed. as used in the full- 
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sized unit at South Meadow. The furnace, shown schematically 
in Fig. 9, was essentially a vertical brick stack approximately 18 
ft high with a square cross section, the internal dimensions of 
which were 18 in. * 18 in. 
x 36in. The stack was reinforced with an angle-iron and tie- 
rod frame and was mounted on a steel base elevated from the floor 
sufficiently to permit upward vertical firing. The flame rose 
vertically in the stack, unhindered by any kind of baffling, so that 
the maximum amount of ash would impinge on the tubes under 
test. A hood made of steel plate was mounted over the top of the 
stack to draw off the flue gas. 

At several levels in the stack, groups of tubes were inserted hori- 
zontally simulating furnace or fog-bank tubes, and constituting 
the test specimens. The stack was designed in such a way that, 
depending upon the distance from the burner, the tubes could be 
tested with the surrounding gases at any temperature from about 
2500 F to about 1400 F. The tubes were air-cooled internally, 
and it was possible to obtain a variety of skin-metal temperatures 
from about 1500 F to 1000 F which covered the metal-tempera- 
ture range of interest, 

The burner was of the mechanical-atomizing type to simulate 
full-scale conditions. Oil heated to 180 F was pumped to it from 
a 200-gal tank at 40-50 psi. 

A record was obtained of the skin-metal temperature of each 
experimental tube on the fire side at the mid-point of its length. 
This was done by drilling a small hole through the wall of the 
tube at this point and passing thermocouple wires through the 
hole and then through the inside diameter of the tube in such a 
way as to permit positioning of the hot junction at the outside 


The external dimensions were 36 in. 


surface of the tube 

Information on the fuel oil, which was supplied in two lots, is 
given in Table 6. In all, some 12,000 gal of fuel oil were consumed 
in the investigation 


TABLE 6 DATA ON FUEL OLFL USED IN PILOT-PLANT TESTS* 
Bunker-C fuel oil for— 
Tests Runs Nos, 1, 2,5 Run No. 4 
Gravity, APL at 60 F 14.3 13.4 
Flash point, PM OC, deg 158 104 
Viscosity, SFPatl22F see 142 178 
Pour point, 15 15 
Carbon residue, Conradson, per cent aes 12.1 3.1 
Sulphur, ASTM, per cent 2.47 2.4 
BS and W (by centrifuge), per cent err re 0 6 0.4 
Sediment (by extraction), percent 0.05 0.05 
Water (by distillation), per cent ee 0.5 0.2 
Calorific value, BtuperlIbo 18467 
Calorific value, Btupergal 149250 149821 
Vanadium, per cent ate 0 O21 0.029 
Vanadiuminash, percent... 35 


Data supplied by W. Saybolt and Company. 


For run No. 1, plain-carbon seamless-steel tubing was used as 
the test material because of delays incurred in obtaining Sicromo 
5S steel. The plain-carbon steel was '/, in. OD X #/s in. ID 
For the balance of the experimental work, some 700 ft of Sicromo 
5S seamless tubing, '/, in. OD & '/4 in. ID, were used as the test 
metal, 

Pilot-Plant Tests Run No. 1 
run was to determine the furnace operating characteristics and the 
A series of 


The primary purpose of this 


manipulative techniques to be used in later test runs. 
five types of coutings were used in these tests, mainly for the 
purpose of obtaining preliminary experience with them, These 
coatings are described in Table 7, Each coating was applied to 
three tubes, one of which was installed in the furnace at each 
of three test levels, Actually, only half the length of each tube was 
coated, the other half being left uncoated for comparison pur- 
The surfaces were prepared by grit-blasting and the coat- 
Heat-treating after depo- 
The in- 


poses 
ings applied with a metal-spray gun. 
sition was accomplished with an oxyacetylene torch. 
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TABLEZ7 COATING PROCEDURES FOR CARBON-STEEL TUBING 
SPECIMENS USED IN PILOT-PLANT TEST RUN NO. 14 
Tube 


Coating Thickness of 


no. material coating, in Treatment after metal-spraying 
1 26 Cr-Fe 0.010 Fluxed, heated to fusion 
2 Al 0.010 Heated slightly over melting point 
3 (a) Al 0.005 Heated like (2) 
(b) 26 Cr-Fe 0.010 Heated like (1) 
4>... 26 Cr-Fe 0.010 Heated like (1) 
(b) Al 0.005 Heated like (2) 
5°... Patented 


mixture Mixture was painted on the tubes 


®@ Surfaces were grit-blasted and coated with the metals using a metal 
spray gun. The subsequent heat-treatments were intended to promote 
adhesion and decreased porosity of the coating metals 

» Composite coating consisting of layer (a), followed by layer (b). 

¢ 50 ester gum, 10 linseed oil, 80 xylol, 200 lead metaborate, 50 titanium 
dioxide (parts by weight), U. 8. Patent No. 2,507,239, reference (14) 


tended skin-metal temperatures of the tubes were about 1400 F at 
the two lower levels and about 1200 F in the upper level. How- 
ever, a number of operating difficulties were encountered and the 
test was actually conducted with the temperature of the two 
lower banks of tubes in excess of 2000 F and with that of the top 
level at a temperature between 1500 F and 1700 F. Under these 
conditions, the tubes in the two lower banks were destroyed rapidly 
and the furnace was shut down after 111'/, hr for an inspection of 
the remaining tubes at the upper level. Tubes Nos. 3 and 5 
were removed because of their poor condition. 
of tube No. 3 indicated very poor adhesion between the aluminum 
and the Cr-Fe layers. The furnace was then operated for an ad- 
ditional period, making a total time of 422 hr at temperature. 
At the end of the run, only tubes No. | and No. 4 remained intact. 
Tube No. 1, which had been coated with a single layer of 26 per 
cent chromium-iron, showed excellent resistance to attack. The 
composite coating consisting of aluminum over a layer of the 26 
per cent Cr-Fe protected tube No. 4, but not so well as the single 
layer of the 26 per cent Cr-Fe material. 

On the basis of the first test run, the furnace was modified to 
Its height was increased 


The appearance 


improve its operating characteristics, 
2 ft, and provision was made for the insertion of a bank of tubes 
very near the top. The bottom bank of tubes was removed. 
These changes permitted a hotter furnace at the lower levels and 
provided for a cooler bank of tubes at a higher level. 

Run No. 2. For this run the temperature of the lower bank of 
tubes ranged from 1500 F to 1600 F while the temperature of the 
middle bank was 1400 F and that of the top bank was 1200 PF. 
Again, the coatings were applied to half of the length of each of 
seven sets of tubes. The various coating procedures used are 
shown in Table 8. 


TABLE 8 COATING PROCEDURES USED FOR SICROMO 58 
TUBES IN PILOT-PLANT TEST RUN NO. 2 
Speci Coating 
men Coating thickness, 
no. material in, Treatment after metal-spraying 
1... 26% Cr-Fe 0.010 Fluxed, and heated to fusion 
0.0174 Heated to fusion 
3... 26% Cr-Fe 0 010 Fluxed, heated to fusion, grit- 
blasted, then another layer of 
metal sprayed on, fluxed, and 
heated to fusion 
i 80°) Ni, 20°) Cr 0.010 Heated, but not fused 
5 80°) Ni, 20°) Cr 0.010 Heated. then grit-blasted, and a 
second layer applied like first 
6 Colmonoy 0.005 Heated to fusion, flowed well, 
(15% Cr, 70° Ni, some pinholes evident 
3.75°) B, bal. Fe) 
7. Al 0.0174 Treated with mixture of 81 parts 


(by volume) methyl alcohol, 50 
parts 0.06% HCl, 341 parts 
ethyl silicate? 


® Surfaces were grit-blasted ands prayed with the metals indicated, then 
given the subsequent treatments described. Heating was by an oxyacetyl- 
ene torch. ‘ 

» See reference (15) in Bibliography. 


It became evident that the temperature of the bottom bank 
was somewhat excessive. Therefore the bottom bank of tubes 
was removed after the test had run 110 hr. The remainder of the 
tubes at the lower temperatures were exposed for a total test pe- 
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CORROSION RESULTS FOR SPECIMENS TESTED IN RUN NO. 2. 

(For treatment after spraying, see Table 8) 

Temp, Coated Uncoated 

deg F section section 
00 499 
00 056 
00 046 


TABLE 9 
Metallographic examination 
100°, diffused@ 
80°) diffused 
90° diffused, coating pitted 


Specimen 
no. Coating material 
> Cr-Fe 
Cr-Fe 
> Cr-Fe 


76 
03 
015 
20 


Colmonoy 
Colmonoy 
Colmonoy 
Al 


Al 


diffusion arcund entire circumference. 
intimate bonding of coating occurred. 


738 


Os! 


100% diffused, outer layer of coating lost 

10°% diffused 

Not diffused 

Not diffused, coating lost 

Not diffused, coating lost 

Not diffused, coating lost 

90°), diffused 

Not diffused 

Not shghtly scaled between coating 

and tube 

diffused 

30°% diffused 

100°; diffused 

Not diffused, coating lost 

80°%, diffused 

Only a trace of coating left 

40°, diffused 

diffused 


@ 100 per cent diffused"’ means that coating was intimately bonded to underlying tubing by atomic 
Percentage figure refers to fraction of circumference over which 


+ Coating consisted of two separately deposited layers of metal, grit-blasted before deposition of each 


layer. 
riod of 592 hr. At that point the tubes were removed from the 
furnace and examined to determine the loss of metal in the coated 
and uncoated sections. 

The results of the test were expressed in terms of numerical 
corrosion rates, either by means of measurements with the micro- 
scope or by weight-change determinations. 

The results of the run are shown in Table 9. Of greatest in- 
terest is the series of specimens having the diffused 26 per cent 
Cr-Fe coating. The value of this coating is immediately evident 
in that no attack in the coated section took place. On the other 
hand, where this same coating was not well diffused to the base 
material (as when applied in two layers) protection was poor. 
It is believed that, in the case of the double-layered tubes, the 
grit-blasting done between coatings broke the bond between the 

rABLE 10 
Coating 
thickness, 


in. 
O16 


Treatment 
after coating 
Fluxed and heated 
to fusion 
Fluxed and 
to fusion 

Fused 


Specimen 
no 


351. 
331 


Coating material 
26°) Cr-Fe 
heated 


26% Cr-Fe O16 


352 Aluminum Ol 


Aluminum Fused 
006 
006 


Heated, but notfused 
Heated, but not fused 


Ni-20°% 
Ni-20°% 


80", 


Painted with 
silicate 
Painted with 
silicate 
Outer Al layer fused 
Outer Al layer fused 
Heated, but notfused 


Aluminum O16 ethyl 


Aluminum O16 ethyl 
Al, 26°% Cr 
Al, 26% Cr 
80°) Ni-20% 


024 
O24 
016 
O16 Heated, but not fused 


80° Ni-20% 


Al layer fused 


Outer Al layer fused 


80°) Ni-20° Cr, then Al 032 Outer 


80°) Ni-20°) Cr, then Al 032 


26° then Al O32 None 


Cr-Fe, 


26°) Cr-Fe, then Al 032 None 


80° Ni-20°) Cr, then 032 None 


80° Ni-20°% Cr, then 032 None 


Colmonoy4 re 
Colmonoy4 


Colmonoy4 


010 None 


020 None 


030 None 


Colmonoy4 040 None 
ecifically, outer part of coating was oxidized 
coated section had partially disintegrated, cause unkn« 
not known whether such a film affects bond. 
Cr, 70% Ni, 34/«% B, balance Fe 


CORROSION RESULTS FOR SPECIMENS 


first layer and the base metal. The matter of adherence and dif 
fusion became a very serious problem because the diffusion treat- 
ment for the 26 per cent Cr-Fe material would involve heating the 
surface to a very high temperature and this treatment within a 
boiler would be impractical, 

Other coatings, where they were well diffused, performed quite 
The aluminum coating was beneficial when diffused and 
The pro- 


well, 
when the temperature was of the order of only 1200 F. 
tective value of the aluminum coating also seemed to have been 
The 80 per cent Ni, 20 
per cent Cr coating was especially good; it was generally well 
bonded to the tube. The Colmonoy coating performed very well, 
but because of the hardenable nature of this material, a number 
of small cracks developed which were considered undesirable. 


improved by sealing with ethy! silicate 


PESTED IN RUN NO. 3 


Metal loss, in yr 
femp, Coated Uncoated 
deg section section 
1500 0 000 0 182 


Metallographic examination 
Coating mechanically bonded, diffusion 
bonded, to tube; oxidized® 
Coating mechanically bonded, not diffusion 
bonded, to tube; oxidized® 
Coating diffusion-bonded, but largely either 
spalled off or oxidized 
Coating diffusion-bonded, 
spalled off or oxidized 
Coating completely oxidized 
Coating es oe bonded to tube, heavily 
oxidizeda 
Coating largely 
bonding to tube 


not 


1300 O00 


1500 107 


1300 ow but 

1500 

1300 

1500 lost, evidence of diffusion 

100 
bonded to tube 

Coating lost either by spalling or oxidation 

Coating lost either by spalling or oxidation 

Coating mechanically bonded to tube, heavily 
oxidizeda 

Coating mechanically 
oxidation of coatings 

Oxide film between coat and tube, 
in good condition® 

Oxide film between coat and tube 
in good condition® 

Coating mechanically bonded 
siderably oxidized® 

Coating mechanically bonded 
siderably oxidized@ 

Oxide film between coat and tube, 20 per cent 
of coat lost 

Oxide film between coat and tube, otherwise 
intact 

Coating diffusion bonded 
oxidizec 

Coating diffusion bonded 
oxidized 

Coating diffusion bonded 
oxidized 

Coating diffusion bonded 


1500 
1300 
1500 


1300 bonded to tube, some 


1500 otherwise, 


1300 otherwise, 


to tube, con 


1500 


1300 O45 to tube, con 


184 
but cracked; cracks 
but cracked, cracks 
hut cracked, cracks 


not cracked 


largely either 7 


Outer part of coating lost, coating diffusion | 


‘ 
4 
wr 
3. . Al 1400 
— — 3» 26°% Cr-Fe 1200 0.08 0 058 
1. 80% Ni-20% Cr 1550 «40.00 1.00 
‘ 80°, Ni-20% Cr 1200 0.02 0.04 4 
| 
333.. 
. 
354... 
334 
oun 
856 
336 
338 
888. 
om / 
20 
‘ wo; perhaps a defect in tube. 
a 
\ 
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Run No. 8. The coatings placed on test in the third run on the 
pilot-plant furnace are listed in Table 10. They included several 
multiple coatings, involving combinations of 26 per cent Cr-Fe 
with Al, and 80 per cent Ni, 20 per cent Cr with Al. They also 
included coatings of 26 per cent Cr-Fe and of 80 per cent Ni, 20 
per cent Cr of considerably greater thickness than used in the pre- 
Most of the coatings were heated after metal-spray- 
One alu- 


vious tests. 
ing to promote bonding between coating and tubing. 
minum coating was again treated with ethyl silicate, as in run 
No. 2. 

In addition to the coatings listed in Table 10, which were pre- 
pared at Battelle, the Wall Colmonoy Corporation coated four 
tubes with Colmonoy No. 6, the alloy used in run No, 2. 

Test run No. 3 was conducted in much the same way as test 
run No. 2. However, only two banks of specimens were used 
with skin-metal temperatures of the banks at 1300 F and at 1500 
F. The total time of the test was 600 hr. The results of this 
run are shown in Table 10. 

Among the single coatings, the 26 per cent Cr-Fe composition 
again was the best, both at 1300 F and at 1500 F. The Col- 
monoy coatings performed well also, as reflected in corrosion-rate 
calculations. However, in three out of four of the Colmonoy 
samples, evidence of radial cracking completely through the coat- 
ing was found. Such cracks would, in time, probably seriously 
impair the protectiveness of the coating. 

The ethyl-silicate treatment improved the protectiveness of 
aluminum only slightly, if at all. In run No. 2 the improvement 
produced by painting the aluminum coating with ethyl! silicate 
had been more marked. 

Among the multilayer coatings, that consisting of aluminum, 
followed by 26 per cent Cr-Fe, and then aluminum, performed rela- 


@- 
OF THI: ASME 
In view of past results, this was not unexpected. 


tively poorly. 
The other multilayer coatings were definitely protective in terms 
of calculated corrosion rates. An outer layer of aluminum greatly 
increased the protectiveness of the 80 per cent Ni, 20 per cent Cr 
coating. However, a film of oxide was observed between the 
Ni-Cr coating and the tube. The coating was apparently capa- 
ble of transporting oxygen to the tube. 

Among the multilayer coatings, that composed of 26 per cent 
Cr-Fe followed by aluminum appeared the best. However, it 
appeared to be no better than the 26 per cent Cr-Fe without an 
aluminum overlay. 

Run No. 4. One purpose of this run was to determine whether 
heavy deposits of either aluminum or the 26 per cent Cr-Fe coat- 
ing could be used without a subsequent fluxing and fusion treat- 
ment, it being considered that such subsequent treatment would 
be difficult to use in the boiler furnace, Possibly a painting or 
buffing treatment could be substituted for heating; or, perhaps, 
if the metal-spraying methods were good enough, no postdepo- 
sition treatment would be needed. A number of specimens 
were prepared, and corrosion test results are described in Table 
11. 

It is evident that the metallizing techniques used were quite 
satisfactory in producing good adherent coatings which gave defi- 
nite protection to the coated sections of the tubes. 

The results of metallographic examination were gencrally 
somewhat more favorable toward 26 per cent Cr-Fe than toward 
aluminum. While there was a desirable tendency for the alu- 
minum coat to bond by diffusion to the underlying tubing, even 
when not intentionally fused after deposition, the alloy so formed 
showed signs of brittleness. In addition, the outer layer of alu- 
minum tended not to adhere well to this diffusion-produced alloy. 


TABLE 11 CORROSION RESULTS FOR SPECIMENS TESTED IN RUN NO. 4 
Coating Test Metal loss, in/yr 
Specimen thickness, Treatment temp Coated Uncoated 
no. Coating material in after coating deg F section section Metallographic examination 
461 Aluminum 0 027 None 1500 0.000 0 063 Considerable diffusion bonding of coat to tube, 
but outer layer of coating poorly adherent 
441 Aluminum 048 None 1300 0 000 0.050 Coating mechanically bonded to tube, light oxide 
film between coat and tube" 
462.. Aluminum 025 Coated with asphaltum 1500 0 000 0 067 Coating consisted of patches where diffusion 
paint bonded, alternating with patches of oxide 
442... Aluminum 027 Coated with asphaltum 1300 0.000 0.067 Considerable diffusion Gains of coat to tube, 
paint but outer layer of coat partially nonadherent 
463... . Aluminum 023 Buffed with rotary wire 1500 0.000 0.074 Considerable diffusion bonding of coat to tube, 
yrush coating cracked and heavily oxidized 
443.. Aluminuro 024 Buffed with rotary wire 1300 0 000 0.046 Coating mechanically bonded to tube, light oxide 
brush film between coat and tube* 
464 26° Cr-Te 022 None 1500 0.000 0.052 Coating mechanically bonded to tube, contains 
films, thin oxide film between coat an 
tube® 
444 26% Cr-Fe o24 None _ 1300 0.000 0 049 Coating mechanically bonded to tube, contains 
oxide films, thin oxide film between coat and 
tube* 
465... 26° Cr-ke » 029 Coated with asphaltum 1500 0.000 0.105 Coating mechanically bonded to tube, contains 
paint oxide films, thin oxide film between coat and 
445. 26°% Cr-Fe 0 025 Coated with asphalturn 1300 0.000 0 038 Coating mechanically bonded to tube, contains 
paint cues films, thin oxide film between coat and 
tube" 
466. 26% Cr-lVe 0.030 Buffed with rotary wire 1500 0.900 0.127 Coating mechanica!ly bonded to tube, contains 
brush — hims, thin oxide film between coat and 
446 26°% Cr-Fe 0 025 Buffed with rotary wire 1300 0.000 0.050 Coating mechanically bonded to tube, contains 
brush — films, thin oxide film between coat and 
tube® 
467. 26°) Cr-Fe, then Al 0 028 None : 1500 0.000 oO mt Coating mechanically bonded to tube, contains 
+ oxide films, thin oxide film between coat and 
tube.¢ 
447. 26°% Cr-Fe, then Al 0 028 None 1300 0 000 0 047 Coating mechanically bonded to tube, 80 per cent 
adherent, contains oxide films, thin film be 
tween coat and tube." Al coat well bonded to 
Cr-Fe, oxidized 
468. 26° Cr-fe, then Al 0 028 Coated with asphaltum 1500 0.000 ¢.051 Coating mechanically bonded to tube, contains 
paint oxide films, thin film between coat and tube.¢ 
Al coat poorly adherent to Cr-Fe 
ee 26°% Cr-Fe, then Al 0.025 Coated with asphaltum 1300 0.000 0 025 Coating mechanically bonded to tube, contains 
paint oxide films, thin film between coat and tube. 
Al coat poorly adherent to Cr-Fe 
469. 26% Cr-Fe, then Al 0.028 Buffed with rotary wire 1500 0.000 0 208 Coating mechanically bonded to tube, contains 
brush oxide films, thin film between coat and tube.¢ 
Al coat poorly adherent to Cr-re 
449. 26° Cr-Fe, then Al 0 030 Buffed with rotary wire 1300 0 000 0. US84 Coating mechanically bonded to tube, 50% ad- 
brush herent, contains oxide films, thin film between 
coat and tube.” Al coat quite well bonded to 
e Cr-Fe, oxidized 
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The chromium-iron coatings were generally intact and in good 
condition, though only mechanically bonded to the underlying 
Sicromo 5S tubing. 

No advantage was observed from the use of asphaltum paint 
or from buffing the deposit with a rotary wire brush. No par- 
ticular advantage was found in the results of this run in the use of 
an aluminum deposit over 26 per cent Cr-Fe. 

An important result that came out of the coating tests, how- 
ever, was the observation that heavy deposits of either aluminum 
or Cr-Fe of the order of 0.025—0.030 in. thick, adhered satisfactorily 
to the tubing without spalling or cracking. The useful life of the 
coating is believed to be closely related to its thickness. Until 
run No. 4, it was thought that the probability of spalling would 
limit coating thickness to about 0.015 in. It is now believed 
that by proper cleaning and spraying it is possible to apply 
thicker coatings which will be satisfactorily adherent. 

Another purpose of test run No. 4 was to determine the effect 
of an additive made to the fuel cil. This additive was developed 
for the purpose of introducing calcium into the ash, as suggested 
in a paper by Evans (12) in such a way that the melting point of 
the ash would be increased and its corrosiveness thus reduced. 
The mechanism of combining the calcium with the ash was be- 
lieved to be unique in that the calcium was introduced into the oil 
in the form of a soluble soap. The suggestion to use a soluble 
soap was made by Battelle chemists early in the discussion of a 
suitable additive for bunker-C fuel oil. However, at that time 
only expensive calcium soaps, like naphthenates and stearates 
were available. The chemists set out to find a compound which 
would be suitable both from a standpoint of the addition of cal- 
cium to the oil and from the standpoint of economics. They 
found that a reaction between lime and tall oil gave a material 
which, for convenience, they have termed “calcium tallate,’’ al- 
though actually there may be no such compound. It was de- 
cided that calcium tallate would be added to the oil in such a 
quantity that 3 atoms of calcium would be present for each atom 
of vanadium. For the oi] used, this involved an addition of 0.07 
lb of calcium tallate per gal of fuel oil. Based on an assumed 
cost of 7 cents per lb for calcium tallate, it would appear that 
the cost of the addition was slightly over 0.5 cent per gal of oil. 

Comparison of the corrosion data for uncoated tube sections 
given in Table 10 for run No. 3 where no additive was used, with 
the corresponding corrosion data in Table 11, shows strikingly 
lower corrosion rates in the latter run. The same trend also is 
evident in the corrosion of the coated sections of the tube speci- 
mens, but it is not so striking beemuse generally lower rates of 
corrosion are being dealt with. The comparison is shown more 
clearly in Table 12 where the pertinent data listed in Tables 10 
and 11 for uncoated specimens are tabulated and averaged. The 
corrosion rates for the uncoated tube sections held at 1300 F and 
at 1500 F in run No. 3, where no additive was used, were some 
2.5 times those for the corresponding specimens in run No. 4, 
where calcium tallate was added to the fuel. 


TABLE 12 CORROSION OF UNCOATED BOILER-TUBE SPECI. 
MENS WHEN FUEL IS BURNED WITH AND WITHOUT ADDITION 
OF CALCIUM TALLATE 


Temperature of specimens, deg F ——— 1500 ~ - 1300 — 
Fuel additive Ca Tallate None Ca Tallate None 
(0 063 0.182 0.050 0.132 
067 0. 236 0.067 0.228 
10.074 0.271 0.046 0.228 
10.052 0.298 0.049 0.112 
(0.105 0.232 0.038 0.143 
10.127 0.216 0.050 0.043 
Corrosion rates of individual }O.111 0.209 0.047 0.045 
gpecimens,in/yr.... .. 0.051 0.153 0.025 0.099 
0.208 0.184 0.084 me 
vis 0.359 
0.168 
0.272 
0.211 
Average corrosion rate,in/yr....... 0.095 0.230 0.051 0.12 
Number of specimens 4 13 
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In concluding that the marked reduction in corrosion observed 
in run No. 4 may be ascribed to the use of calcium tallate as a fuel 
additive, two other factors which are difficult to evaluate must be 
taken into consideration: 

1 A different lot of fuel oil was used in run No. 4 from that 
used in the previous pilot-plant furnace tests. While the two 
lots of oil were not identical, examination of the data on them 
suggests that they were quite similar (see Table 6). It can be 
reasonably surmised that the oil used in run No. 4 was at least as 
corrosive as that used in run No. 3, if corrosiveness can be judged 
in terms of sulphur, vanadium, and ash contents. It should be 
pointed out, however, that no sodium analysis was available for 
either oil. 

2 The other factor was the somewhat intangible one of test- 
furnace operation. Somewhat less difficulty from such sources as 
water in the fuel and clogging of the filter was encountered during 
run No. 4 than in run No. 3. 

Nonetheless, taking these factors into account, it is judged that 
the calcium-tallate addition was definitely beneficial in reducing 
corrosion of the boiler-tube specimens. 

Tests of Coatings in No. 1 Mercury Unit at South Meadow. 
When it became evident from pilot-plant furnace tests that metal- 
lie coatings would perform reasonably well under conditions ap- 
proximating those in a commercial boiler, arrangements were 
made to perform metal-coating experiments in No. Ll mercury 
unit at the South Meadow Station. Three spraying experiments 
were carried out; one on July 12, 1951, another on November 2, 
1951, and the third on May 2, 1952. The tubes prepared July 
12, 1951, were inspected on November 2, 1951, while the set pre- 
April 2, 1952. 
The tubes sprayed on May 2, 1952, have not yet been inspected 


pared on November 2, 1951, was inspected on 


The purpose of the metal-spraying tests carried out in the mer- 
cury unit was to determine in detail the practicability of applying 
metal coatings to beiler tubing in place. This involved such 
questions as the setup for tube-cleaning, the setup for metal- 
spraying, the effectiveness of the cleaning job, the manipulation 
of the spray gun, and the control of the coverage and thickness of 
It also was expected that valuable field 
experience on the protective value of the coatings themselves 
would be obtained. 

Metal-Spraying Tests Performed on July 12, 1951, Nine tubes 
on the left-side wall of No. 1 mercury unit were prepared for 
metal-spraying for a length of 12in., 4ft from the floor of the boiler. 
Since the tubes could not be sprung from the wall, only the di- 
rectly accessible surface was cleaned. This usually amounted to 
about 120 deg of the circumference. 

The metal coatings were then applied in accordance with the 
schedule given in Table 13. It had been the original plan to 
fuse all the Cr-Fe coatings after spraying. However, experi- 
ments on tube No, 246 indicated that the severe local overheating 
involved in this operation would lock up undesirably high stresses 
in the tubes. Therefore the plan was abandoned. Instead, the 
Cr-Fe coatings were painted with Solar No. 1 flux. 

Included in Table 13 are the results of examination of the coated 
tubes conducted on November 2, 1951, after the boiler had been in 
operation a total of 2450 hr at a load of 13,500 kw. This load 
resulted in a skin-metal temperature of about 1175 F. During 
the period of operation the fuel oil remained essentially constant 
with regard to sulphur and vanadium contents; that is, it con- 
tained about 2.4 per cent sulphur and about 6.02 per cent vana- 
dium. 

It is evident from Table 13 that the Cr-Fe coating, applied to 
side-wall tube No, 246, was especially protective, probably be- 
cause it was well fused and was quite adherent to the tube. The 
other Cr-Fe coating apparently was not adherent to the degree that 
would keep it on the tube during the course of the test period. 
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1048 
TABLE 13°) DETAILS OF METAL-COATING EXPERIMENT CONDUCTED IN NO. 1 MERCURY UNIT, JULY 12, 1951 , 
Coating Protectiveness 
Tube Coating thickness, Treatment Condition tf) 
no Location metal in, after spraying after spraying coating? Remarks » oh 
240 Bide wall Al 0 006 Fused extra-loose b Coating adherent 
flakes of Al = 
241 Side wal! Control d in 
242 Side wall Al 0 006 Ethyl silicate Al patch at bottom b Coating adherent 
243 Side wall Al 0.003 Fused Ok b Coating not completely adherent 
244 Side wall Control d 
245 Side wall Al 0 003 Ethy! silicate’ Ok b Coating generally adherent, but had 
disappeared in a single, narrow, vertical 
streak 
246 Side wall Cr-Fe 0 009 —_ Ok a Coating adherent 
247 Side wall Control segbnenen d 
248 Side wall Cr-Fe 0.005 Fluxedé Ok c Two thirds of coating had disappeared 


* Thickness of scale on uncoated control tubes was designated by letter d; samples marked by the letter c were scaled to a somewhat lesser extent than 
control tubes; samples designated 6 were scaled still less, while that rated a was only very lightly sealed 
6 Painted with solution of ethyl silicate in aleohol, designed to act as a sealer 


© Fluxed and heated to bright orange for about 6 in. of its length. 
4 Painted with Solar No. 1 flux. 


TABLE 14 CONDITION OF EXPERIMENTALLY COATED TUBES IN NO.1 UNIT AT SOUTH MEADOW, METAL-SPRAYED, NOVEMBER 2, 
1951 


‘Tube ‘Treatment 
Location no, Metal coating after coating 
Hack wall 442 Al Buffed with wire brush 
Back wall 444 Al Asphaltum paint 
Back wall 445 Ni-Cr Buffed with wire brush 
Back wall 446 Ni-Cr, plus Al None 
Back wall 447 Ni-Cr, plus Al Asphaltum paint 
Back wall 448 Ni-Cr, plus Al Buffed with wire brush 
Back wall 450 Cr-Fe, plus Al None 
Back wall 451 Cr-Fe, plus Al Asphaltum paint 
Back wall 442 C'r-Fe, plus Al Buffed with wire brush 


The aluminum coatings quite obviously had given a measure of 
protection 

Metal-Spraying Tests Performed on November 2, 1961. At this 
time, a set of thirteen tubes at the back wall of No. 1 mercury 
unit was prepared for metal coating over a length of 20 in. per 
tube at a height of about 4 ft from the furnace floor. 

The metal coatings, the treatments given them after spraying, 
and the results of examination on April 2, 1952, are shown in 
Table 14 


the examination, 


The sprayed coatings had been on test 2200 hr before 
Unfortunately, during a large part of the 
time, the mercury unit was forced by a small leak to operate at 
slightly over half rated load (about 8000 kw) with tube-metal 
temperature of the order of 1100 F. Under these cireumstances 
it is not believed that significance can be attached to the results 
obtained, 

Metal-Spraying Test Performed on May 2, 1962. 
the series of laboratory screening tests, as well as the various 


Throughout 


experiments conducted in the pilot-plant furnace, and the tests 
of coatings carried out in the commercial mercury boiler itself, the 
coating composed of 26 per cent Cr-Fe gave as good or better pro- 
tection to the Sicromo 58 steel than any of the other coating ma- 
terials studied in this investigation. When a coating of this 
alloy was applied in such a manner as to be thoroughly adherent, 
the protection given by it was excellent, Efforts to improve ad- 
herence of the coating to the tubing, by means other than heating 
to high temperatures after metallizing, proved to be of questiona- 
ble value, Good adherence appeared to depend largely on pay- 
ing attention to careful preparation of the surface to be coated 
and to proper manipulation of the spraying equipment, There 
seemed to be some merit, it may be added, in overlaying the Cr- 
Fe deposit with a thin metal-sprayed coating of aluminum. 

It was decided that these genera: conclusions which had come 
out of the investigation thus far should be put to as severe a test 
as practical, A section of tubes, 8 ft X 8 ft, at the back wall of 
No, | mereury unit at South Meadow, was selected for the test. 
The section of tubes was located where corrosive attack had been 
It comprised 55 tubes each cleaned and metal- 
Right of the tubes were cleaned 
The other 47 were coated 


Ap- 


extremely severe. 
lized for a distance of 8 ft. 
but left uncoated to serve as controls. 
with a deposit of 26 per cent Cr-Fe about 0.012 in. thick. 


Adherence Appearance of 

of deposit outer surface Remarks 
Good Smooth 
Fair Somewhat fish-scaled 
Fair Somewhat fish-secaled easily powdered with hand hamwer 
Good Somewhat rough Kasily powdered with hand hammer 
Good Quite rough Easily powdered with hand hammer 
Good Quite rough Easily powdered with hand hammer 
Good Somewhat rough 
Good Smooth Appeared to be in best condition 
Good Somewhat rough 


proximately half of the Cr-Fe coated tubes were overlaid with 
a layer of aluminum about 0.005 in. thick. 

It is planned to leave these metal-coated tubes on test. some 
12 months before examining them. At the end of that time it is 
believed that the true value of the coating as protection for the 
underlying tubing can be determined. 


SUMMARY 


| Laboratory screening tests of a variety of metallic and ce- 
ramic coatings showed that coatings of aluminum and of 26 per 
cent Cr-Fe held considerable promise. 
Among the ceramic mauterials, 
How- 
ever, further consideration of ceramic coatings was dropped be- 
cause they were judged to be too brittle to withstand the me- 
chanical abuse inherent in the service. 

2 Further experimentation, both in pilot-plant tests at Bat- 
telle and in coating tests carried out in the mercury boiler itself, 
gave results which favored thg 26 per cent Cr-Fe coating over the 
aluminum coating. 

3 These tests, together with several auxiliary experiments, 


These coatings could be 
deposited by metal-spraying. 
coatings of silica and of magnesia also showed promise. 


gave indications that the use of a metallic coating on the tubes of 
The boiler tubes could 
be cleaned to the required degree by removing the heavy ash de- 
posits and scale with a pneumatic hammer, followed by blasting 
with chilled-iron grit. 
applied by means of a metal-spray gun. 


the mercury boiler could be practical. 


The desired metallic coating could then be 


1 The laboratory results indicated, however, that there was 
considerable room for improvement in the resistance of the coat- 
ing to permeation by the gaseous combustion products, as well as 
in the quality of the bond between the coating and the underlying 
tubing. The bond between the Cr-Fe coating and the Sicromo 
5S tubing was purely mechanical unless the metal was heated to 
While such a bond 
appeared generally safisfactory, a diffusion bond would be an im- 


excessive temperatures after deposition. 
provement. An aluminum coating, on the other hand, could be 
readily diffusion-bonded to the underlying tubing, but the outer 
layer of aluminum in the coating was often poorly adherent to the 
diffusion-produced alloy layer between it and the tube. 

5 Attempts were made to decrease permeability and improve 
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bonding by heating the coating subsequent to depositicn, by the 
use of various sealers, such as sodium silicate, ethyl silicate, and 
asphaltum paint, and by buffing the coating. Though some of 
these methods seemed to increase the protectiveness of the coat- 
ing to a slight degree, none effected an improvement judged suf- 
ficient to justify the use of sealers. 

6 Various combinations of metallic coatings also were studied, 
The objective again was improvement in protective quality. 
Some basis could be found for considering that a coating of 26 
per cent Cr-Fe overlaid with a thin coating of aluminum had 
merit. However, heavy multiple deposits tended to be less ad- 
herent to the underlying tubing than single deposits. 

7 Among possible fuel additives, the calcium soap derived 
from tall oil appeared to have many of the properties required of a 
fuel additive. This compound could be made cheaply and could 
be dissolved in bunker-C oil by first dissolving it in kerosene. 

When added to the fuel oil in the ratio of 3 atoms of caleium in 
the tallate to one atom of vanadium in the fuel, it gave a strong 
The cor- 
rosion rates of specimens in a pilot-plant run where calcium tallate 
was added to the fuel were of the order of 40 per cent of those 
for the corresponding specimens in the preceding run where no 
fuel additive was used. However, in appraising the effectiveness 
of the calcium-tallate additive, account must be taken of the fact 
that a different, though comparable, fuel oil was used, and the 
test furnace operated somewhat more smoothly during the run 


indication of being effective in reducing tube corrosion. 


where the additive was used. 
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Thermal Shovk and Other Comparison Tes sts 


of Austenitic and 


Test results are summarized for thermal-shock spec 
mens and mock-ups of ferritic and austenitic steels. In 
addition, complete test data are reported for a laboratory 


test program which was undertaken to supplement the 


full-scale tests. Thermal-shock tests of 6-in. pipe-and- 
valve assemblies in both 18-8 Cb and 24% Cr, 1 Mo mate- 
rials are described. Specimens were of two weights, 
schedules 80 and 160. The 160-schedule thermal-shock 
specimens each contained a section of dissimilar pipe 
which introduced transition and composite welded joints. 
The shock treatment was designed to simulate the quench- 
ing action that might result from the carry-over of boiler 
water into a pipe line carrying steam at 1050 F tempera- 
ture. The steam pressure for the 80-schedule specimens 
was 900 psi, and for the 160-schedule specimens, 2000 psi. 
Each assembly was subjected to 100 shocks. The effect of 
mechanical loading on full-scale members was investi- 
gated by testing mock-ups which were designed to simu- 
late expansion bends. The report contains considerable 
high-temperature test data that were obtained for labora- 
specimens. The specimens were taken from pipe 
and casting assemblies which were fabricated and heat- 


tory 


treated in the same manner as the full-scale test members. 
Results include tensile properties to 1100 F; and stress- 
rupture, creep, and fatigue properties at 1000 and 1100 F 
temperatures. Tests were also made of specimens taken 


from thermal-shock specimens and mock-ups. 


INTRODUCTION 


r NHE superior high-temperature strength properties of the 
austenitic chromium-nickel steels at temperatures above 
1000 F aroused interest in the material for application in 
main steam lines of naval vessels. 
by the ASME Boiler Code, in that higher working stresses are 
permitted for austenitic steels than for ferritic steels, 


This superiority is recognized 


However, 
there has been little experience with austenitic steels in main 
steam lines, and reports of failures in the oil industry of steel pipe 
used to convey hot oil from cracking stills raised doubt as to the 
suitability austenitic for steam service. Although 
ferritie-stee] pipes have been known to develop cracks as a result 
of thermal shock occasioned by the periodic flow of the hot oil, 
the susceptibility of austenitic-steel pipe to this type of deteriora- 
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tion is reported to be much greater, In view of this it seemed 
reasonable that austenitic-steel pipe might show 
under conditions of thermal shock 
casioned by carry-over of boiler water into steam lines. More- 
over, the integrity of austenitic welds joining pipe to austenitic- 
steel castings has been questioned and much uncertainty pre- 
vails as to the reliability of welds joining austenitic and ferritic 
materials, 

In a previous paper (1),* the authors presented results of 
thermal shock and other comparison tests for austenitic- and 
ferritic-steel piping for high-temperature-steam service. Since 
that time tests of the full-scale thermal-shock specimens and 
mock-ups, a8 well as the supplementary laboratory test program, 
have been completed. Two mock-ups, one of ferritic material 
80-schedule, and the other of austenitic material 160-schedule, 
were tested to failure. The purpose of this paper is to present 
these new test data and summarize the investigation. - 


to assume 


similar susceptibility 


Tuermat-Snock Tests 

Test assemblies, each consisting of straight sections of 6-in. 
pipe and two pressure-seal, bonnet, gate valves, one of forged 
material and the other of cast material, were subjected to tempera- 
ture shock designed to simulate the carry-over of boiler water. 
Four thermal-shock specimens were tested, two of 18-8 Cb 
(AIST Type 347) material and two of 2'/, Cr, 1 Mo (Type T-22) 
material. Of the two specimens in each material, one was of 80- 
schedule corresponding to 900 psi working pressure, and the 
other 160-schedule 2000 psi working pres- 
sure at 1050 F. The material of the valves was similar to that of 
the pipe 160-schedule thermal-shock 
specimen contained a pressure-seal-type flexible joint near the 
inlet end, The over-all length of the test specimen was ap- 
proximately 16 ft. 


corresponding to 


in each instance, 


The specimens were covered with 4 inches of 
high-temperature thermal insulation in accordance with recom- 
mended practice. 

Welds deposited with both 19-9 Cb and 
nickel electrodes were included in the 
The 160-schedule assembly contained a 36-in-length 
of 2'/, Cr, 1 Mo pipe at mid-length which was joined by transi- 
welds. Similarly, the 160-schedule ferritic-steel 
sembly contained a 36-in-length of 18-8 Cb pipe which 
welded with 25 20 electrodes employing V-type joints. 


25-20 chromium- 
auustenitic-steel assemblies. 
austenitic 
tion-type 
was 
This 
arrangement permitted the simultaneous testing of welded joints 
between dissimilar materials. No dissimilar metal sections were 
employed in the 80-schedule thermal-shock specimens. The 
2'/, Cr, 1 Mo piping was welded with electrodes of similar com- 
position to the pipe. Details of the thermal-shock test speci- 
mens including details of the transition and V-type welded joints 
were shown in the previous paper (1). 

Each specimen was subjected to a flow of superheated steam 
of about 7500 Ib per hr at 1050 F temperature. The specimens 
were mounted in the horizontal position and were practically 


* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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unrestrained. After temperature equilibrium had been es- 
tablished, the assembly was shocked by introducing a quantity of 
boiler water along with the flow of steam. The quenching water 
was introduced at the saturation temperature, 533 F for the 900- 
psi-pressure condition (80-schedule), and 635 F for the 2000-psi- 
pressure condition (160-schedule). The quench was carried out 
with either 60 or 88 lb of water, corresponding to different levels 
of the quenching tower. 
whether 60 or 88 lb, resulted in no significant difference in the 


temperature gradients produced in the pipe walls. 


However, the quantity of water, 


Each speci- 
This number 
was selected as representing the maximum number of times that 
significant boiler carry-over might be expected during the life of a 
naval vessel. 
withstood the prescribed shoek treatment does not indicate that 
serious damage might not result from thermal fatigue after a 
large number of heating and cooling cycles. 


men was subjected to 100 or more thermal shocks. 


However, the fact that the specimens successfully 


The term “‘thermal shock’’ usually refers to effects produced on 
metal parts and equipment from a sudden application of heat. 
Failures from thermal shock may result’ from comparatively 
The term “thermal fatigue’’ 
denotes a similar mechanism but where a considerable number of 
The 


terms as ordinarily used denote sudden application of heat in a 


few heating and cooling cycles. 
heating and cooling cycles are required to produce cracks. 


shallow layer rather than the sudden application of a cool medium 
to the surface of a hot metal. For example, Holmberg (2) de- 
scribes the failure of an 18 Cr, 8 Ni steel valve which was sub- 
jected to the intermittent flow of hydrocarbons at 1150 F. Un- 
der these conditions the inside surface tends to expand but is 
restrained by the cool outer mass of metal. This causes the in- 
The outer mass of metal on 
heating up puts the inside layer in tension. 
fatigue condition if the eyele is repeated. 


side to be compressed or upset. 

Thus we have a 
Cracking would be 
expected to occur during the cooling part of the eyele when the 
inside is under tensile stress. Holmberg reports that only a few 
cycles are required to develop cracks in 18 Cr, 12 Ni valve flanges. 
On the other hand, flanges of 5 Cr, '/, Mo steet 
and 5 Cr, '/, Mo piping could withstand many identical cycles. 
He attributes the superiority of ferritic steels over austenitic 
steel to differences in thermal conductivity and thermal expan- 


of the same size 


sion. 
_ Thermal-shock effects produced in steam lines by the carry- 


over of boiler water would differ from the hot-oil experience in 
a number of respects. Water on coming in contact with the hot 
pipe causes contraction of the surface layer which is resisted by 
the outer mass of metal which is at higher temperature. Thus 
the quenched surface is subjected to a tensile force. The outer 
mass on cooling puts the inside under compression completing 
the cycle. Cracks would develop when the surface was in ten- 
sion, or on contact with the quenching water. The oil tempera- 
ture reported is somewhat higher than the steam temperature of 
1050 F. Also, there is the difference in heat transfer of oil and 
water-steam mixture, 

It has been suggested that admitting high-temperature steam 
into relatively cold pipe lines might be more damaging than 
the quenching action produced by the carry-over of boiler water. 
The former would parallel more nearly that of the hot-oil exper- 
ience. However, it is possible to control the flow of steam, and 
a heating-up period is general practice. 

Two thermal-shock specimens in which class-600 valves were 
installed in lieu of class-900 valves also were tested. These are 
represented in Fig. 1. One was of austenitic steel (Type 347), 
and the other of ferritie steel (Type T-22), both in 80-schedule. 
The pipe of these assemblies consisted of unused lengths taken 
Both specimens were subjected to 100 temperature 
shocks by introducing boiler feedwater at the saturation tem- 
perature (533 F) into the assemblies along with the flow of super- 
heated steam. The average steam temperature was 1050 F, 
and the pressure 900 psi. 

Results of thermal-shock tests are summarized in Table 1. 
Fig. 2 shows temperature differentials as obtained for the inside 
and the 
Similar graphs for the 80-schedule specimens are shown in Fig. 


from stock. 


outside thermocouples of 160-schedule specimens. 
3. The T, thermecouples were inserted in 0.136-in-diam holes 
drilled radially in the pipe walls. The depth of these wells was 
to within 0.017-0.032 in. of the inside surface; the T, thermo- 
couples were peened to the outside of the pipe. 
ConbITION OF SPECIMENS ArrerR THERMAL-SuHock TREATMENT 
No failures resulted from the thermal-shock tests. However, 
the 80-schedule specimens suffered distortion, the maximum 
Distortion of 
The welds of 


both 80-schedule assemblies revealed a number of small surface 


distortion being observed in the ferritic assembly. 
the 160-schedule assemblies was not perceptible. 
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TABLE | SUMMARY OF 


60 lb water 50 
water 50 


Number of thermal shocks Tota! 100) Total 
Approximate time required for one shock, hr 05 
Maximum temperature difference bet ween inside and 
outside of pipe wall during quench, deg F 115 
Average time required to produce maximum tempera- 
ture differential in pipe wall, sec 3 
Steam pressure during heating part of cycle, psi 900 
Boiler pressure-—this pressure utilized to force water 
from quenching tower, psi 1020 
Temperature of quench water, deg F 533 
Temperature of pipe prior to quench, deg F 1050 
Maximum steam pressure attained during quench 
psi 
TEMPERATUR IFFERE 
BETWEEN COUPLES AND 
4 IN THE 160 SCHEDULE, 6” PIPE 
ASSEMBLIES DURING QUENCH 
{TEMPERATURE OF QUENCH- 635°F 
INSIDE WALL TEMP PRIOR TO 
QUENCHING ------- 1050°F 
+—- 
~ | 
u 
* 220 
INSIDE WALL 
200 % y 
OUTSIDE wait ‘4 
6160 + 
Xiao = 
& 
= AUSTENITIC 
18Cr-12 Ni - BCD 
iw 100) 
= 
+--—4 
+— 
| 


TIME - SECONDS 


DirreReNTIALS THEerRMAL- 
SHocK SPECIMENS 


2 TemperaTure 


cracks following the shock treatment that were not observed 
prior to the test. The distribution of cracks was uniform over 
the periphery. The austenitic welds showed a greater tendency 
toward cracking than did the ferritic welds. Of the austenitic 
welds, the number of cracks was greater in the 25-20 deposits 
Cracks 80-schedule were not as 
numerous as in the 160-schedule In the latter, 
the distribution of cracks was toward the bottom of the as- 


observed in the assemblies 


assemblies. 


semblies, all of which were tested in the horizontal position. 
Welds joining austenitic to ferritie piping, 25-20 chromium-nickel 
in V-type joints and 19-9 Cb in transition-type joints, showed the 
greatest tendency to fissuring. Of the austenitic materials, 
weld deposits of 19-9 Cb in the 18-8 Cb piping showed the least 
fissuring. Welds of the 160-schedule ferritic assembly revealed 
fissuring but to a less extent than in the austenitic assembly. 

The 6-in. pressure-seal joints included in the 160-schedule 
thermal-shock specimens leaked when cold, probably as a result 
of unequal thermal contraction of the various parts. These 


TESTS OF AUSTENITIC AND FERRITIC STEELS 


600 valves 
60 lb water 38 
lb water 70 


THERMAL-SHOCK TEST RESULTS 


Thermal-shock specimens 

Conditions Austenitic - Ferritic 
80-Schedule 80-Schedule - 

, Regular ith Class 160-Schedule Regular With Clas 160-Schedule 


600 valves 


60 lb water 43 
SS8lb water 59 


60 Ib water 104 
S8lb water 21 


HO lb water 66 
S8lb water 36 


water 54 
SSib water 46 


108 Total 102 Total 100) Total 102 Total 125 
1.0 0.5 1.0 
70 225 210 
7 2 45 
900 2000 900 900 2000 
2300 1020 2300 
533 635 533 533 635 
1051 1050 1050 1051 1050 
1300 1343 
TEMPERATURE DIFFERENCE BETWEEN 
COUPLES T, AND T4 IN THE 80 SCHEDULE 
6" PIPE ASSEMBLIES DURING QUENCH 
PERIOD 
TEMPERATURE OF QUENCH 533°F 
INSIDE WALL TEMPERATURE PRIOR 
QUENCHING — 080°F 
+2220 + | —+ + t 
= 200 + ABOUT 02" 
T, 
FERRITIC! 
40 + + + 
w 
120 + 
| ! 
: 
60 AUSTENITIC | 
18 Cr-|2N:- BCb 
| 
2 4 6 86 12 @ 6 20 
TIME - SECONDS 
hic. 3S THoermar- 
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joints require a free axial motion of about 2 in. for assembly and 


disassembly. The sealing ring in these joints is about '/\, in. 
thick and is forced to its seating position by twelve 1'/s-in. bolts 
which place sufficient load on the ring to upset the sealing edge. 
The four class-600 valves were examined internally and ex- 
ternally by an oil-powder method of flaw detection, both before 
and after the thermal-shock tests. 
made of the special 1500-psi valves and the class-900 valves. 


Similar examinations were 


Inspection of the valves from the 160-schedule pipe assemblies 
revealed no mechanical defects except for slight out-of-roundness 
of the bores, 0.005 in, for the ferritice-steel valves and about 
0.002 in. for 
faults were revealed in the ‘‘Stellite’ 


the austenitic-steel valves. No cracks or other 
overlay on the gate and 
seats of the valves. The pressure-seal joints were tight under 
2000 psi 1050 F steam, but leaked slightly when cold 

The valves of the 80-schedule pipe assemblies had become 
slightly distorted as a result of having been welded in place, 
but the distortion apparently did not impair their ability to 
Like- 


seal against leakage at the stem and from the bonnets. 
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wise, no leakage occurred in the class-600 valves, and these were in 
excellent condition following the thermal-shock treatment. 


Mock-Up Tests 


A mock-up of a thermal-expansion bend was fabricated from 
each of the four thermal-shock specimens. On completion of the 
tests of the 160-schedule thermal-shock specimens, the valves 
with connecting section of pipe were removed for rewelding in 
mock-ups. In sectioning the thermal-shock specimens, one cut 
was made about 5 in. outside of the cast valve and another about 
12 in. beyond the forged valve. A 7-in-long section of pipe was 
welded adjacent to the cast valve to make the assembly sym- 
metrical. Removal of the 7-in. piece eliminated the thermo- 
couple wells which were considered undesirable in a member that 
was to be subjected to repeated cycles of stress. Next, 
were welded onto the ends of the pipe-and-valve assemblies, 
producing mock-ups as shown in Fig. 4. 


S-bends 


TYPE 347 
160 SCHEDUE ® 
wo 


TYPE 1-22 
60 SCHEDULE ! 


2 cr imo 


TYPE 347 
(80 SCHEDULE 
wo 3 
TYPE 1-22 
BO SCHEDULE 
i 
fre 
160 SCHEDULE 
MODIFIED we. 
NO 'A 
hia. 4 Designation or Weips 1n Mock-Ups-—6-In. IPS 


Similarly, mock-ups were prepared from the 80-schedule ther- 
mal-shock specimens. Small holes in the pipes which served as 
thermocouple wells were ground into a V-shape and filled with 
Inasmuch as the 80-schedule, ferritic, shock specimen 
became badly bowed as a result of the shock treatment, the pipe 
between the valves, except for a 6-in. length adjacent to the 
valves, was renewed. Therefore the valves, including the welds 
on either side which previously had been subjected to thermal 
shock, formed a part of the mock-up. 

The weld designs employed in making up the mock-ups differed 
somewhat from the original welds. Flat split backing rings with 
four pins to maintain */s-in, root spacing for the austenitic pipe 
and '/,-in, root spacing for the ferritie pipe were used. Details 
of the modified joints are shown in Fig. 5. The 160-schedule 
mock-up was modified further for other tests which will be de- 


weld metal. 


scribed later. 
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STAINWELD AS IN V6" DIA. SIZE, DEPOSITED AT 70 TO 60 AMPERES, 
DIRECT CURRENT, REVERSE POLARITY FOR THE FIRST TWO FILLETS 
OR ROOT PASS. ALL OTHER PASSES ARE TO BE STRINGER BEADS 
DEPOSITED FROM THE %/32"DIA SIZE ELECTODES AT i20 TO 130 
AMPERES. MAXIMUM THICKNESS OF EACH LAYER NOT TO EXCEED v8" 
NO PREHEAT, INTERPASS TEMPERATURE NOT TO EXCEED 300 °F 
NO STRESS RELIEF TREATMENT 


ARCRODS L-240 IN 1/8" DIA SIZE, DEPOSITED AT 90 TO 100 AMPERES, 
20 TO 22 VOLTS, DIRECT CURRENT, REVERSED POLARITY FOR THE 


FIRST ROOT PASS. ALL OTHER PASSES NECESSARY TO COMPLETE 
THE WELD SHOULD BE DEPOSITED FROM THE 5/32°DIA. SIZE ELEC- 


TRODES AT 130 TO 140 AMPERES, 22 TO 24 VOLTS. 

PREHEAT - 600° F 

STRESS RELIEF TREATMENT — ‘a 
(a) HEAT TO 1325°F AT RATE OF 300°F PER HOUR (MAX) a 
(b) HOLD AT 1325°F FOR TWO HOURS 


(c) COO. TO SOO°F AT THE RATE OF i25°F PER HOUR (MAX) 
(6) COVER JOINT WITH ASBESTOS BLANKET AND ALLOW TO 


COOL TO ROOM TEMPERATURE 
Fic. 5 Mopiriep Jomnts I 
= 


As shown in Fig. 6, one end of the mock-up is anchored and 
the other end pinned to the piston of a hydraulic cylinder. 
The pinned end of the loop is restrained from moving in any but 
the horizontal direction by a 30-in-long sleeve bearing. The hy- 
draulic cylinder is supplied with oil through an electrically 
operated four-way valve, the length of the stroke being controlled 
by suitable electrical contacts in conjunction with a pair of 
selsyn motors, One motor is operated by a rack and pinion off 
the piston while a balanced arm on the control motor, located out- 
side the protective enclosure, indicates the position of, and re- 
verses the direction of the piston. The circuit actuating the 
four-way reversing valve is completed when the arm of the con- 
trol motor touches an adjustable contact. 

The motion of the hydraulic piston was recorded on a 0-12 
Mv Brown Electronik recorder. The output of the potentiom- 
eter, which is rotated by the movement of the ram through a 
rack and pinion, was recorded on a chart. 

Iron-constantan thermocouples were peened to the outside sur- 
face of the pipe of the mock-up. Two thermocouples were 
located about, 24 in. from the anchor flange, and two others about 
the same distance from the pinned end of the pipe. The tempera- 
ture at both ends was recorded periodically on a 0-1200 F 
Brown Electronik recorder. The temperature of the ram also 
was taken to insure that the member was moving freely in the 
sleeve bearing. 

Resistance-type strain gages were mounted on the mock-up 
at several locations as shown in Fig. 6. Readings were taken on 


_ 
ay 


> 


STEWART, SCHREITZ—TESTS OF AUSTENITIC 


AND FERRITIC STEELS 


ma 


all gages after removing the pin from the shackle of the piston 
Then the connecting pin 
was replaced without introducing appreciable change in the read- 
‘ings. Next, hydrostatic pressure of 900 psi for the 80-schedule 
3 mock-ups, and 2000 psi for the 160-schedule mock-ups was ap- 
plied, and other sets of readings taken 
compressed by the hydraulic piston, and strain-gage readings taken 
every 0.3-in. movement of the 160-schedule mock-ups for a total 
distance of 2 in., and every 0.6-in. movement for the 80-schedule 
mock-ups for a total distance of 2.4 in. <A rosette strain gage 
containing a 45-deg element was placed at location e-f of the 80- 
schedule ferritic assembly. 


0 as to insure a free-end condition, 


The loops were then 


The shear strain was found to be 


negligible. 
The relationship between deflection and strain having been 
established at normal temperature, it was only necessary to 


multiply the deflection at normal temperature by the ratio of 
moduli of elasticity of the material at normal and 1050 F tempera- 
tures to obtain the deflection necessary to produce the cor- 
responding strain at the elevated temperature. For the au- 
stenitic steel] this ratio is 28.8/23.0 = 1.25, and for the ferritic 
steel 30.4/21.0 = 1.45. 

Strain gages (e-f) were chosen for control purposes, Calibra- 
tion data have not been included in this report, but deflection- 
strain relations together with the corresponding principal and 
equivalent stresses obtained for the 160-schedule mock-ups were 
included in the previous paper (1). One of the 160-schedule 
mock-ups as set up for calibration test is shown in Fig. 7. Mo- 
ment diagrams for l-in. movement of the 80-schedule and 160- 
schedule mock-ups are presented in Figs. 8 and 9. 

Steam was passed through the mock-up at a rate of about 5000 
b per hr, temperature equilibrium at 1050 F being established 
after 6 hr. 
sired range of stress, based on calibration-test data obtained for 
strain gages e-f. Movement of the mock-ups is shown diagram- 


The piston stroke was adjusted to produce the de- 


. 


Mock-Up Location or STRAIN GAGES 
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matically in Fig. 10. For the initial tests of the 2'/, Cr, | Mo 
mock-ups, movement between positions 2 and 3 was such as to 
induce a maximum equivalent stress of 15,750 psi with oscillation 
between positions 3 and 4 corresponding to a range of equivalent 
stress of 6000 psi. Similarly, for the 18-8 Cb mock-ups move- 
ment between positions 2 and 3 was such as to induce a maximum 
equivalent stress of 21,500 psi with oscillations between positions 
3 and 4 which correspond to a range of equivalent stress of 10,000 
psi. 

Each of the four mock-ups was subjected to approximately 
1000 deflection cycles under the afore-mentioned conditions which 
represent a 25 per cent increase in nominal stress over that predi- 
cated on a factor of safety of 5. This number of cycles was 
selected as being equivalent to the number of times the main 
steam piping on 4 naval vesse] would be brought up to tempera- 
ture and pressure by lighting off the boiler once every other day 
for a period of 20 years. The 80-schedule ferritie and the 160- 
schedule austenitic mock-ups were selected for further testing 
under conditions predicted on changing from a factor of safety 
of 5 to 3, a stress increase of 667/; per cent. ; 

Before testing the 160-schedule austenitic mock-up in the ex- 
tended test program, the assembly was modified as follows: 

An 18-in-length of pipe, including transition weld No. 5, as 

shown for assembly No. 1 in Fig. 4, was removed and replaced 
with an equivalent length of 6-in., 160-schedule, austenitie-steel 
Two new welds designated H and I, as shown for No. 1A 
in Fig. 4, were required to effect this change. Weld IH is a V- 
type austenitic joint deposited with 19-9 Cb eleetrodes. Weld 
I is a V-type austenitic-ferritic composite joint also deposited 
19-9 Cb electrodes, The following details relate to the 
composite joint: 

Joint Design. Included angle 60 deg; root spacing '/¢ in.; - 
backing ring (flat) #/;ein. * 2 in. (18-8). 

Preheat. 2'/, Cr, 1 Mo side, 600 F; 18-8 Cb side, 400 F, 


pipe. 


with 


/ 
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Stress-Relieving Heat-Treatment. Heated to 1325 F, at ap- 
proximately 500 F per hr; held 1325 F for 2 hr, cooled to 500 F 
at approximately 125 F per hr. 

Electrodes. Stainweld A-5 19-9 Ch, diameter in. to in. 
and current amperes 60-65 -70-80- 120-130. 
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0-schedule mock-up equipped gages for calibration test 


Mecuanism, Mock-Up 


Two fillets in the root. 
All passes consisted of stringer 


Pass Sequence. First pass of each 
laver deposited on ferritic side, 
beads. 

The results of the cyclic deflection tests are summarized in 
Table 2. 

Further stress increases while maintaining the stress range on 
the same side of the neutral position were not feasible because of 
the likelihood of exceeding the elastic range of the materials. 
Consequently, the 80-schedule ferritic and the 160-schedule 
austenitic mock-ups were subjected to a range of reversed bending 
stress while at temperature and pressure. The former was sub- 
jected to equal deflections on either side of the neutral position 
so as to induce a range of principal longitudinal stress of 26,000 
psi as determined for strain gages (e-f). 

Similarly, the 160-schedule austenitic mock-up was subjected 
toa range of reversed bending stress while under 2000 psi pressure 


at 1050 F. For the initial test run, the member was subjected to 
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SUMMARY OF TEST DATA FOR CYCLIC-DEFLECTION TEST OF 80- AND 160-SCHEDULE MOCK-UPS 


Condition 


{Start {| Max 
of ‘Min 
Range 
End 


| Max 
test 


Equivalent stress, psi 


Min 

| Range 
Number of deflections 

Shortening of loop, in 

Average steam temp, deg F 


Outlet 
Steam pressure, psig 


Time at temperature and pressure, hr 
Percentage increase in nominal stress over that corresponding to safety 
factor of 5.. 


equal displacement on either side of the neutral position inducing 
a range of principal longitudinal stress of 29,900 psi as deter- 
mined for strain gages (e-f). This represented a moderate in- 
crease in stress over that employed in testing the 80-schedule 
ferritic mock-up. The mock-up was subjected to 4000 cycles 
under these conditions, after which the stress was raised at three 
intervals, failure finally occurring after 3730 cycles at a stress 
(principal longitudinal) of 46,300 psi. 

For both mock-ups the stress produced on compressing the 
loop exceeded that on extending the loop because of the internal 
pressure. The fatigue-test data are summarized in Table 3. 


Description oF Mocx-Ups Arrer Test To Faiture 


Failure of the 80-schedule mock-up occurred after 104 hr 
of operation, during which time 2160 cycles in reversed bending 
had been applied. Failure was characterized by a circum- 
ferential crack which developed adjacent to the weld joining the 
tube turn to the length of horizontal piping at the pinned end. 
The crack originated at the underside of the bend on the tube- 
turn side and extended for about 55 deg on either side of the 
vertical center line as shown in Fig. 11. Failure was initiated 
from the outside in the area within the circle on the illustration. 

The tube turn, including a short length of pipe at either end, 
was cut from the member. Longitudinal cuts spaced so as to 
include the full length of the crack were made from one end. 
atts cuts were extended about 2 in. beyond the weld. This 


Austenitic 


2 4 

80-Schedule 

Austenitic —-Ferritie 
15800 
9500 
6300 


1 
160-Schedul 
Ferritic 
16000 
9800 
6200 


la 
160-Schedule 
Austenitic 
28800 
15500 
13300 


ia 
80-Schedule 
Ferritic 
22500 
14500 
8000 


21900 
11200 
10700 


18000 
8000 
10000 


4104 
0.44 
1055 
1045 
2000 

135 


10600 
5500 
5100 
4300 
0 86 


16600 
7900 


11800 
6800 
5000 


4030 


12300 
13700 
3966 
11 
1057 
1047 


2000 

58 
25 66 

procedure permitted removal of the upper section of pipe inelud- 
ing the weld. The lower section containing the crack was then 
removed by completing the fracture. 
face of fracture is shown in Fig. 12. 


The appearance of the sur- 
The darker portion of the 
surface of fracture containing the characteristic ripples represents 
the fatigue fracture, while the lighter portion denotes the tensile 
fracture incidental to removal of the section. The fracture orig- 
inated about 35 deg from the vertical center line on the underside 
and extended completely through the pipe wall for a distance of 
about Lin. Examination of the lower half of the member in this 
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TABLE 3 


SUMMARY OF 
MOCK-UP 


1 COLO POSITION- UNSTRAINED 

2 HOT POSITION - UNSTRAINED 

3 HOT-STRAIN MOVEMENT SUFFICIENT TO INDUCE A 
MAXIMUM STRESS IN THE PIPING EQUAL TO THE 
ALLOWABLE COMBINED STRESS FOR THERMAL Ex- 
PANSION AND OTHER LOADING 

4 HOT~- STRAIN MOVEMENT BETWEEN POINTS 3 AND 
4 EQUIVALENT TO A CHANGE ON THE MAXIMUM 
STRESS EQUAL TO THE HOT ALLOWABLE STRESS FOR 
ie: ALL LOADINGS EXCLUSIVE OF THERMAL EXPANSION. 


TEST WOULD CONSIST OF OSCILLIATING THE PIPE BETWEEN 
POINTS 3 AND 4 
SHowinc Movement or Mocx-Up 1n Cycuic 
Deriection Test 


10 SKketcn 


region, after suitable etching, indicated that the weld deposit was 
unusually wide. This joint was welded by station force, and the 
record revealed that two repair welds to correct undercutting 
had been deposited on the tube-turn side of the weld where frac- 
ture occurred. This condition is revealed by the macrosection 
in Fig. 13. The section represented in this figure was removed by 
cutting through the center of the weld. The surface of fracture 
is shown at the top of the figure and the repair deposit to the 
right. Failure a very short distance from the 
transition zone of the repair deposit. Examination of several! 
specimens revealed no instance where the course of the fracture 
extended into the weld deposit. However, 
tained a secondary crack which extended into the transition 
zone, After etching, the surface of the weld revealed several 
clusters of pores, but there was no indication that failure was in- 
itiated in a porous area. 

Failure of the 160-schedule austenitic mock-up was char- 
acterized by rupture of the tube turn at the pinned end of the 
member. Failure occurred after a total of 9135 cycles of re- 
versed bending stress in addition to the stress history incidental to 
the thermal-shock and cyclic-deflection tests. During the re- 
versed-bending test, three stress increases were made, the mock- 
up enduring 3730 stress cycles at the highest stress level. The 
visible rupture consisted of a crack about 1 in. long along the 
center line at about the 45-deg position. This area, and ad- 
jacent areas extending for about 2 in. from one end of the crack 
and 1 in. from the other end, contained a depression about 
'/; in. wide where the metal had been plastically deformed. A 
photograph of the rupture is presented in Fig. 14. The surface 
of fracture, after completing the break by compressing the half 
section, is shown in Fig. 15. The bright fracture represents that 


was initiated 


one specimen con- 
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UE TEST OF 80- sc “HEDU LE 
AUSTENITIC MOCK-UP 


FE RRIT Ic 


80- -160-Schedule Austenitic Mock-up 

Schedule ‘irst Second “inal 
ferritic stress stress stress 

Condition mock-up Initial increase increase increase 
Max principal stress (tension) for gage e-f, psi 19200 22200 26600 28600 
Max principal stress Gemmaemient ter gage e- he psi 10700 13000 14200 17700 
Stress A for gage e-f, 26000 29900 35200 40800 46300 
Number of eycles endure: 2160 4000 878 527 3730 
Deflection, in ‘ 4.00 3.75 450 5.25 5.90 
{Inlet 1065 1064 1064 1063 1067 
(Outlet 1043 1054 1054 1054 1056 
Time at temperature and pressure, hr 104 0 27 178 
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Pig. 12) Surrace or Fracture or Faitep Pire 

portion which had to be broken to separate the parts. The 
dark-colored fracture, revealing the characteristics of fatigue 
failure, developed during the test. Failure was initiated on the 
inside surface of the tube turn, as is evident from the contour of 
the fracture and the condition of the inside of the tube turn as 
shown in Fig. 16. The half section shown in the lower part of 
the figure contained the rupture. The opposite half section 
shown in the upper part of the figure contained a network of 
cracks on the interior surface but no cracks were visible from the 
outside. 

Strain-gage station (m-n) for the calibration test was located in 
the approximate area where failure occurred. These strain data, 
adjusted to the conditions imposed during the final test, indicate 
principal transverse stresses of +33,900 and —25,000 psi or a 
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range of 58,900 psi. Under these same loading conditions the 
range of principal longitudinal stress at the contro] location e-f 
was 46,000 psi. The transverse stresses for the 80-schedul: 
ferritic mock-up at location m-n during the test run to failure 
were -+-34,800 and —27,400 or a range of 62,200 psi. The 
strain gages m-n may not have been located at the point of 
highest stress, Moreover, the fact that failure originated from 
the inside indicates that the maximum transverse stress occurred 
at the interior surface. 

On securing the test and removing the lagging, casual inspec- 
tion showed a cracked condition on the ferritic side of composite 
joint I as shown in Fig. 17. The location of the welds in the 
several mock-ups is shown in Fig. 4. 

Survace INSPECTION AND EXAMINATION 
Assembly No. 1 Schedule 160 Austenitic Mock-Up. Transition 
weld No, 6: This joint was removed from the mock-up prior to 
the second series of cyclic-deflection tests. Unfused areas were 
found at the root of four specimens. Cracks also were found 
along the 25-20/19-9 Cb fusion line. Some evidence of carbon 
migration toward the austenitic weld was noted on the ferritic 
side of the joint. Specimens taken across the weld failed in both 
root and face bending. 

Weld I: Inspection of the assembly following failure of the 
tube turn revealed two surface cracks, each about 3 in. long, on 
opposite sides of the pipe at weld I. The cracked condition of 
the topside of the pipe is shown in Fig. 17. The cracks occurred 
on the ferritic side of the weld but had not progressed to where 
leakage occurred, Two pairs of cracks were propagating ad- 
jacent to the weld, one from the root corner along the fusion line, 
the other from the outer surface along the same fusion line and 
adjacent base metal. No abnormal welding defects from which 
failure may have originated were discernible on the pipe surface. 
The root failure most likely originated from such defects as a root 
crack or unfused root area, 

Other welds of assembly No. 1 were surface-inspected. Metal- 
lographic examination was made of welds D, 3, 4, H, 6, 7, E and 
Fr. Only the specimens from weld D were free from root de- 
fects. One or more specimens from the other welds contained 
either root cracks or unfused root areas. Root-bend tests for 
specimens taken from welds D, 6 and 7 would be considered un- 
satisfactory for new pipe welds. 

Assembly No. 4 Schedule 80 Ferritic Mock-Up: This mock-up 
was tested under cycles of reversed-bending stress to failure. 
Surface inspection was made of welds 10, C, D, 12, FE and F. 
These were sectioned to yield four transverse specimens for 
metallographic examination. The specimens showed sound root 
conditions except those from welds 10 and F which contained un- 
fused areas in the root. Weld 10 was adjacent to the tube turn 
at the fixed end. 

Assemblies Nos. & and 6 Schedule 80 Thermal-Shock Specimens. 
With Class-600 Valves; Vight-inch-long sections taken across a 
number of the weld assemblies Nos. 5 and 6 were inspected by a 
supersonic technique. The procedure proved inadequate for 
locating defects of the nature encountered in these specimens. 

Welds Nos. 2, 3, 4, and 5 of the 80-schedule austenitic thermal- 
shock specimen, assembly No. 5, were dissected to yield four 
uniformly distributed transverse specimens for metallographic 
examination. The location of the welds is shown in Fig, 1. 
The weld metal contained some free ferrite which is characteristic 
of 19-9 Cb deposits. The structure of the fusion zone and ad- 
jacent base metal was normal, 

A similar examination was made of the welds of the schedule 80 
ferritic thermal-shock specimen, assembly No. 6. Sound welds 
were revealed except in welds Nos. 1 and 2. One specimen from 
each of these welds contained root cracks. Another specimen 
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hia. 17) Senepuve 160 Austenitic Mock-Up SHowina Crackep 
CONDITION ON Ferritic Sipe or WeLp “I” 

from weld No, 2, which was adjacent to the cast valve, contained 

an unfused area. The structure of the weld metal and adjacent 

areas was normal. 


LABORATORY PROGRAM 


Results obtained in the supplementary laboratory test program 
ure of particular interest because the test specimens were ob- 
tained from full-scale assemblies which were fabricated and 
treated in the same way as the thermal-shock specimens and 
mock-ups. Cast-steel spools of the type shown in Fig. 18 were 
used in lieu of cast fittings. Welded assemblies fabricated for the 
laboratory test program were of three types as follows: 

Type 1 assemblies consisted of two 12-in. lengths and one 24- 
in. length of 6-in. pipe joined by welds. Eight of these as- 
semblies, with a total of 16 welded joints, provided for two welding 
positions, two weights of pipe, different basis metals, and dif- 
ferent weld metals, 

Type 2 assemblies, six in number, were similar to those of type 
| except that each assembly consisted of four 12-in-long sections 
joined by three welds. The assemblies included cast-stec! 
cylinders as well as sections of 160-schedule pipe, thus providing 
welds between castings, and between castings and pipe. All 
specimens were of the heavy (160-schedule) pipe and all welds 
were made in the horizontal position, 

Type 3 assemblies consisted of semicyclindrical sections which 
were formed by laying down a longitudinal weld between two 
20-in-long quarter sections of 6-in. 160-schedule pipe. Twenty 
samples, equivalent to 400 linear inches of all-weld-metal deposit, 
were provided for each of the following conditions: 

(a) 2'/,Cr, 1 Mo pipe and ferritie weld. 

(b) 18-8 Cb pipe and 25-20 weld. 

(c) 18-8 Cb pipe and 19-9 Cb weld. 

Chemical Compositions. Chemical analyses were made of 
samples milled from the several 6-in. 160-schedule assemblies 
furnished for the iaboratory test. Representative compositions 
are listed in Table 4. Each value is an average of two determina- 
tions, 

Metallographic and Magnetic Inspections. Metallographic 
studies were made across all of the weld combinations included in 
the laboratory test program. All of the welds appeared to be of 


good workmanship with one exception. The exception occurred 
in the case of the 19-9 Cb welds joining the cast cylinders to the 
wrought pipe. «Microcracks were found in the latter passes of 
these welds. However, no cracks could be detected toward the 
interior of the welds where the laboratory specimens were re- 
moved, These welds also exhibited a coarser dendritic structure 
than was observed in the other 19-9 Cb welds. The physical 
properties of the cast to wrought 19-9 Cb welded specimens were 
abnormally low, as will be confirmed later by the stress-rupture 
test results. 
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Type Grade 
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RESULTS OF CHEMICAL ANALYSES 


Per cent composition 
Form c 8 P Mn Si Cr Ni Mo Cb 
{ { 0 30 a 2.00 090 
ASTM (A213 46) (Specified 015 008 0038 O60 050 2.50 10 
Grade T22 (6-in. 160-Seh Pipe 012 0019 0.015 0 36 O35 2.23 015 1.08 
21/, Cr, 1 Mo i 7 a a a a a 2 00 0 80 
ASTM (A217 47T) (Specified 0200-006 «6070 0 8 00 110 
Grade WC9 | Cast eylinder simulating cast valve 0.13) 0 015 0.013 0.57 0 48 2.25 0 80 
4 All-weld metal 008 0 0386 0.013 051 0.43 2.35 0 95 
{ e * 17.0 9.0 b 
ASTM (A158 Specified 008 0 030 0.0380 200 075 WO 13.0 
Grade P&8d | 6-in. 160-Seh Pipe 0.08 0 010 0 02 169 O34 18.13 12.34 0 80 
ASTM (A157 44) Specified 015 005 0. 05 1.00 2.00 18.00 8.00 
| ad 
(Grade CY (Cast cylinder simulating cast valve 0 06 015 017 065 O83) 18 82 03 0 26 
19-9Cbh All-weld metal 006 0018 OO 1.75 038 20 23 10.15 0 62 
25-20 All-weld metal 014 O O18 OO18 178 O48) 25 8S 1180 


Maximum 


Minimum. 

4 Other elements as agreed upon by manufacturer and purchaser 
© Maximum carbon 0.10 per cent specified for the test material. 
/ This analysis being checked by Crane Company (see text) 


» Grade P8d shall have a Cb content not less than 10 times the carbon content and not more than 1.0 per cent. 


Columbium stabilization specified for test material 


4 


Fig. 18 


The relative ferrite contents of the various austenitic materials 
were determined by measuring the magnetic permeabilities with a 
Fahy low-mu permeameter. All tests were made in a_ field 
strength of 100 oersteds at Results are 
listed in Table 5, 


room temperature. 


TABLES MAGNETIC PERMEABILITIES OF AUSTENITIC MATE- 
RIALS 


Material Permeability 

Wrougnt 18-6 Cb pipe. 1 00 
Cast 18 8 Cb eylinder 2.48 
19-9 Cb all-weld metal (longitudinal weld) 73 
19-0 Ch all-weld metal (transverse weld) 
25 20 all-weld metal 

Tensile Tests. The tensile properties at various temperatures 
from room temperature to 1100 F were determined with standard 
0.505-in-diam 


corded automatically, 


specimens. The stress-strain curves were re- 
The specimens were stressed at a rate of 
approximately 30,000 psi per min up to the yield strength, after 
which the speed of test was increased to approximately 0.5 
ipm crosshead speed (0.25 ipm per in. of gage length). Graphs 
of values representing an average of two or more determinations 
are shown in Figs. 19, 20, and 21. 

Stress-Rupture Tests. The stress-rupture specimens for all of 


at 1000 and 1100 F are shown in Figs. 22 and 23. 


DOTTED LINES = 
CASTING. 


Speciau Test Sroon 


the austenitic materials and most of the ferritic materials had a 
0.451-in-diam test section with an effective gage length of 2.625 
in. However, full-size test bars could not be obtained from the 
specimens taken from the 80-schedule ferritie piping. 
cases, subsize specimens were used with a 0.276-in-diam section 
and 2.25-in, effective gage length. 

The stress-rupture results cover the basis metals, all-weld 


In such 


metals, and various combinations of welded joints for each of two 
test temperatures. In addition, comparisons were obtained be- 
tween materials both before and after exposure in the thermal- 
shock and mock-up assemblies. Results for the austenitic alloys 
The specimens 
were obtained from the 160-schedule 18-8 Cb pipe, the cast 18-8 

19-9 Cb all-weld deposits, and the 25-20 
The welded-joiut specimens were taken across 
Wroughe 
to wrought, cast to cast, and wrought to cast with 19-9 Cb welds, 


Cb cylinders, the 
all-weld deposits. 
circumferential welds of the following combinations: 


and wrought to wrought and cast to cast with 25-20 welds. In 
addition, tests were made on specimens taken across welds No, 3 
and No. 8 of the 160-schedule piping assembly after exposure to 
the thermal-shock and mock-up tests. Weld No. 3 joined the 
wrought pipe to the cast valve with 19-9 Cb weld metal, and weld 
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No. 8 joined the wrought pipe to the wrought valve with 25-20 
weld metal. 

It was convenient to evaluate the results for the welded speci- 
mens by comparing them with the rupture curves obtained for 
the wrought and cast basis metals. However, the superimposition 
of the basis-metal curves on the graphs for the welded specimens 
led to confusion of lines. Consequently, shaded areas were em- 


= 


FRACTURE TIME - HOURS 


Fic. 23. Srress-Ruptrure Tests or Austenitic Marertacs at 1100 1 


ployed in Figs, 22 and 23, to assist the eye in locating the positions 
of the basis metals. The top of each shaded area represents the 
location of the wrought basis-metal curve, and the bottom of the 
shaded area represents the location of the cast-basis-metal curve. 

The 1000 and 1100 F stress-rupture results for the 2'/, Cr, 1 
Mo ferritic alloys are presented in Figs. 24 and 25. The speci- 
mens were obtained from the 160-schedule pipe, the cast cylin- 
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ders, and the all-weld deposits. The welded-joint specimens were — to wrought valve from weld No. 13 after thermal-shock and mock- 
taken across circumferential welds of the following combinations: up tests, and wrought pipe to cast valve from weld No. 9 after 
wrought-to-wrought 160-schedule pipe, wrought-to-wrought 80- thermal-shock and mock-up tests. As indicated previously, the 
schedule pipe, and cast-to-wrought 160-schedule pipe. In addi- specimens from the 80-schedule material were subsize. Shaded 
tion, tests were made on specimens taken across the following areas again are employed to assist the eye in locating the positions 
welds from the 80-schedule piping tests: Wrought-to-wrought — of the basis-metal curves. 

pipe from weld No. 11 after thermal-shock tests, wrought pipe Creep Tests. Creep tests were made at 1000 and 1100 F on the 
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basis metals and the all-weld metals. No 
tests were made on specimens across welds because it was not 


cast and wrought 
feasible to determine the relative creep characteristics of the 
various positions of the specimens. 

Stress-minimum creep rate graphs are shown in Figs. 26 and 
27. In drawing these graphs, test points were included for the 
minimum creep rates obtained for the time-deformation measure- 
ments taken during the longer stress-rupture tests. This prac- 
tice extended the valid range of the graphs into the region of the 
higher creep rates, and served the additional purpose of helping 
Neverthe- 
less, the limited number of test points made precision difficult 


to position the creep curves with greater confidence. 
in some cases. In general, the relative creep strengths of the 
various materials were about as would be expected from the 
stress-rupture studies. 

Fatigue Tests. Fatigue tests were made on 160-schedule mate- 
The tests were conducted in an air atmosphere with pol- 
ished rotating cantilever specimens. The test length of each 
specimen was tapered from 0.369 to 0.345 in. over a length of 
about 0.90 in., so that the stress was nearly constant along the 
entire test length. The welds in the welded specimens were 
positioned at mid-length of the test section. The runs were 
made at a speed of about 1600 rpm. Results for these tests are 
shown graphically in Figs. 28 and 29. The stepped lines leading 
to some of the test points indicate runs in which the stress was 
raised at intervals during the test; the lower end of each line 
representing the stress and eyeles endured at the time of the first 


rials. 


stress increase, 

CONCLUSIONS 

The regular 80 and 160-schedule thermal-shock specimens 
as well as the 80-schedule specimens, which contained class-600 
valves in lieu of class-900 valves, each withstood 100 heating and 
The regular 80-schedule 
specimens, particularly the ferritic assembly, suffered considerable 


quenching cycles without failure. 
distortion of the pipe as a result of the test. 

The maximum temperature difference between the inside and 
outside of the pipe wall during the quench was exhibited by the 
ferritie material. Ordinarily, this behavior would not be pre- 
dicted in light of the differences in thermal conductivity of the 
materials. In explanation, it is suggested that the austenitic- 
alloy surface may have a lower heat-transfer coefficient for the 
boiling of water, 

In general, the 6-in. pressure-seal gate valves and the pressure- 
seal joints performed satisfactorily. 

The 80 and 160-sehedule mock-ups in both austenitic and 
ferritic materials each withstood 4000 deflection cycles without 
deleterious effect that could be discerned during the tests. 
tests were made at temperature and pressure and under a range of 
induced stress (equivalent) as representing a change from a fac- 


These 


tor of safety of 5 to 4. 

The 80-schedule ferritic and the 160-schedule austenitie mock- 
ups were subjected to 4000 additional deflection cycles each under 
a range of induced stress (equivalent) as representing a change 
from a factor of safety of 5 to 3. Then, these same mock-ups 
were subjected to a range of reversed bending stress to failure 
The 80-schedule ferritic mock-up failed after 2160 eycles, the 
range of principal longitudinal stress being 26,000 psi. Failure 
was characterized by a circumferential fatigue crack which de- 
veloped adjacent to the weld joining the tube turn to the length 
of horizontal piping at the hinged end. The 160-schedule aus- 
tenitic mock-up failed after 9135 eycles, but three stress increases 
The range of principal longi- 
Rupture 


were made before failure occurred. 
tudinal stress for the last 3730 evcles was 47,000 psi. 
occurred in the side of the tube turn at the hinged end. 

The welds of both the 80- and 160-schedule thermal-shock 


TESTS OF AUSTENITIC AND FERRITIC STEELS 


specimens revealed surface cracks, following the shock treatment, 
which were not evident prior to the test. The distribution of 
cracks in the 160-schedule specimens was toward the bottom of 
In the 80-schedule specimens the distribution was 
uniform over the periphery. The austenitic welds showed a 
greater tendency toward cracking than did the ferritic welds. 
Of the aystenitic welds, the number of cracks was greater in the 
25-20 deposits. 


the assemblies. 


Cracks observed in the 80-schedule assemblies 
Welds 
joining austenitic-ferritic tubing, namely, 25-20 Cr-Ni in V-type 
joints and 19-9 Cb in transition-type joints, showed the greatest 


were less numerous than in the 160-schedule specimens. 


tendency to fissure. 

These tests would indicate preference for the transition-type 
However, 
continued effort should be made to improve the quality of welded 
joints between austenitic and ferritic materials. 
conclusions refer to the laboratory test program: 


joint over the conventional V-type composite joint. 
The following 


The strength properties of the austenitic materials show a 
considerable spread with the cast 18-8 Cb being the weakest. 
The yield strength up to 1100 F and the fatigue strength at 1000 
F of the cast 18-8 Cb were lower than those of the ferritie mate 
rials. All-welded specimens containing cast austenitic material 
as one of the elements were observed to fail in the cast alloy 
However, the austenitic materials as a whole were superior in 
strength to the ferritic materials. The strength properties of the 
welded ferritic specimens were essentially the same as those of 
The fracture locations 
were mixed between the weid and basis metals. 

The 19-9 Cb electrodes resulted in stronger weld deposits and 


the basis and all-weld-metal specimens. 


weldments than were obtained with the 25-20 electrodes. 

In general, there was much less spread in properties between 
welded ferritic materials than be- 
tween the cast, wrought, and welded austenitic materials. 

The materials supplied for the laboratory test program ap- 
peared, with one exception, to be quite representative of the 
materials in the piping assemblies. The exception was the cast- 
to-wrought sustenitic weldments prepared with 19-9 Cb elec- 


the cast, wrought, and 


In this case the stress-rupture properties, in particular, 
However, similar welds in the piping as- 
semblies apparently were satisfactory in view of the excellent 


trodes. 
were abnormally low. 
stress-rupture properties of specimens removed subsequent 
to the thermal-shock and mock-up exposure. 

The only marked change in stress-rupture properties which 
occurred as a result of thermal-shock and mock-up exposure was 
observed in weld No. 8 in 1100 F tests 


evident from an examination of the bottom curve in Fig. 23. This 


The extent of change is 


weld developed numerous microcracks on the outer surface dur- 
ing the thermal-shock and mock-up experiments, and subse- 
quent metallographic examination disclosed numerous micro- 
cracks in the interior. 
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Discussion 


The investigation summarized in this 
paper covers several phases of high-temperature piping design on 
which information has long been urgently needed, and this work 
accordingly merits close study by all concerned. The writer 
considers publication of the authors’ high-temperature fatigue- 
test data particularly timely in view of current efforts of a task 
force under ASA Committee B31 directed at a revision of Chapter 
43 of Section 6 of the ASA Code for Pressure Piping. 
controversial issue encountered by this group relates to the estab- 
lishment of a suitable allowable range for the stresses caused in 
piping systems by thermal expansion. 
ing pressure and weight stresses, has been set tentatively at 1'/, 
times the sum of the hot and cold allowable stresses or S-values 
published in the code (for mildly cyclic conditions, where the 


The most 


The stress range, includ- 


number of cycles of complete stress reversal during the life of 
the system is not expected to exceed 2500); no agreement has 
been reached, however, as many opinions have been expressed 
to the effect that this limit is too high as that it is too low. The 
authors’ test results should help to resolve this issue. 

With this in view, the writer has devoted considerable effort to 
an attempt at the evaluation of the results of the authors’ fatigue 
tests, specifically those conducted with the Schedule 160 austen- 
itic mock-up where the more highly stressed elbow failed in the 
precise location and manner anticipated from the writer’s room- 
temperature fatigue tests.® 

As a first step, the equivalent stresses given in the first and last 
columns of the authors’ Table 2 have been converted into maximum 
longitudinal stresses (assuming 8250 psi hoop stress, as predicted 
from the common formula for 2000 psi pressure). In a second step, 
these stresses as well as those given in the last four columns of 
Table 3 have been translated from the location of gage “e’’ (45 in. 
distant from the failed elbow, according to verbal advice from the 
authors) to the point of maximum stress near gage ‘“‘m’’ (on the 
side of the elbow, at mid-point). This was done by multiplication 
with the ratio of lever arms, which are related approximately as 4 
to 3, 
columns of Table 6 of this discussion; the third column gives the 
differences between maximum and minimum stresses. The fourth 


The results of these operations are shown in the first two 


and fifth columns give the identical information in terms of a con- 
The sixth 
column, finally, gives the equivalent fully reversed stress as com- 
puted by a formula suggested by H. F. Moore for determining the 


stant mean stress and a superimposed variable stress. 


endurance limit for complete reversal of stresses from any other 
given cyclic stress condition, 


‘Chief Research Engineer, Tube Turns, Inc., Louisville, Ky. 

®**Patigue Tests of Welding Elbows and Comparable Double- 
Mitre Bends,”’ by A. R. C. Markl, Trans. ASMP, vol. 69, 1947, pp 
869 
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Since the test conditions were changed six times before failure 
was produced, the number N of cycles required to produce failure 
under a given fully reversed bending stress S cannot be stated 
directly; it becomes necessary to make an assumption for the 
For this purpose, the writer has 


interrelation between S and N. 
used the formula 


= 


which has served him reasonably well to correlate his own room- 
temperature fatigue-test results on carbon steel. As a rough 
approximation, it also appears to fit limited test data on alumi- 
num and stainless steel. 

Applying this formula to the authors’ test data, the constant is 
computed as C = 183,500, and with this the number of cycles to 
failure for the different stress conditions applied in the authors’ 
the relation between S and NV 
is graphically shown in Fig. 30, herewith (which also includes S--V 


tests become as shown in column 7; 


% 20,000 | 1 
1000 2000 S000 20p00 Sapoo 
N= Number of Cycles to Faulure 
Fie. 30) S-N Curves 


curves for room-temperature tests conducted by the writer in the 
The ratios of the actual 
cycles N, sustained to the predicted number of cycles N to failure, 
multiplied by 100 to give per cent, listed in column 9, provide a 
measure of the amount of fatigue life consumed in each separate 
run. It will be noted that the last test with its extremely severe 
stress conditions absorbed nearly three quarters of the useful life 
of the assembly. (This, incidentally, indicates that even a rela- 
tively large error in the assumption of the magnitude of the trans- 
verse stress present in the first two runs would exert a negligible 
effect on the evaluation. ) 

This completes the direct evaluation of the authors’ tests. In 
a next step, an attempt is made to correlate this new information 
with the results of room-temperature fatigue tests conducted in 
the company research laboratories, and to ascertain whether the 
fatigue behavior of different materials at different temperatures 
can be correlated with the actual physical properties of the mate- 
rial tested or the allowable stresses derived from the specification 


research laboratories of his company ). 


minima. 
Pertinent data are given in Table 7 of this discussion. It will 


be noted that the ratios between the constant C and particularly 


- PABLE 6 EVALUATION OF LIFE OF 160-SCHEDULE AUSTENITIC MOCK-UP UNDER FULLY REVERSED BENDING 
! 2 3 1 5 6 7 
Fatigue Life 
Equivalent life under consumed in 
Constant Variable fully fully specific 
Max Min Stress Stress, stress, reversed reversed Actual cycles test run, 
stress, stress, range, Se = Ve Sy = stress, stress,“ sustained, 100 Na/N, 
Smax Smin Smax — Smio (Smax + Smin) Smax — Se S = '/iSe + Sv N = C®/S5 Na per cent 
+31650° +17300° 14350 24475 7175 15300 248200 4104? 1.6 
+ 38900" +20450° 18450 29675 9225 19100 81900 3066 ° 4.8 
25600" — 143005 39900 5650 19950 21800 42300 4000° 9.5 
+ 20600 ° —17300¢ 46900 6150 23450 25500 19300 878° 4.6 
+ 35500 — 189005 54400 8400 27200 30000 8560 527° 6.1 
+38100° — 23600° 61700 7250 30850 33300 5080 3730°%4 73.4 
100.6 


Based on relation suggested in H. F. Moore's, ‘Textbook of the Materials of Engineering,”” McGraw-Hill Book Company, Inc., New York, Y., 1941, 


P. ae 
> From authors’ Table 2; 


© From authors’ Table 3; 
4 Failed at end of this run. 


equivalent stresses converted to max longitudinal stresses assuming 8250 psi transverse stress corresponding to 2000 psi in- 
ternal pressure, and multiplied by 1.33 to convert from location e to location m. 
stresses converted to location e by multiplication by 1.33, 


= 


>= 4 
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DATA AND EVALUATION 


4 7 COMPARISON OF FULL-SCALE FATIGUE-TEST 
FOR PRESSU Re 


1F PROPOSED RULES FOR CHAPTER 3 OF SECTION 6 OF CODE 
PIPING ASA B31.1 


Stainless, Stainless, 
type 316 type 347 
Room 1050 

? 58000 
18750 
281000 


Carbon steel, 
grade B 
Room 


Material 


Temperature, deg F 

Average ultimate tensile strength U, psi 

Average yield point or yield strength Y, ae 

Allowable stress per ASME Boiler Code S 

Factor C in formula: SN? = C 

Ratio C/U 

Ratio C/Y 

Ratio C/S’ 15.1 

Average stress range, psi, to produce failure under reversed 
bending in 2500 cycles, Ra = 2C/2500%? 

Allowable stress range for 2500 cycles or leas per current 
proposal by ASA Task Force to revise Chapter 3 of Sec- 
tion 6 of ASA B31.1, 1.25 times sum of hot and 
cold S-values in ASME Boiler Code or R = 2.5S’ for 
constant temperature 

Safety factor in terms of stress = Ra/R 

Safety factor in terms of life = (Ra/R)* 


102000 118000 


THERMAL-SHOCK TESTS 
160-schedule, 
Ferritic 
32000 


MAXIMUM STRESSES DURING 
80-schedule, 
Ferritic 
26000 
26000 
3000 
6000 
50400 


TABLE 8 

pipes 

Austenitic 
19000 
3000 
23600 


6-1n. pipes 

Austenitic 
32000 
32000 
3610 
7220 


37600 


Tensile stresses at inner pipe wall, psi 
Longitudinal thermal stress 
Circumferential thermal stress 
Longitudinal pressure stress 
Circumferential pressure stress 
“Equivalent” stress 


‘37000 


the ultimate tensile strength and the code allowable stress are 
quite consistent for the three markedly different conditions for 
which data are available. This consistency provides justification 
for continuing the practice of relating thermal-expansion stress 
ranges to allowable pressure stresses or S-values. 

To illustrate the point more clearly, the average stress range re- 
quired to produce failure in 2500 cycles has been computed and 
compared with an allowable stress range based on a rule which 
would permit 1.25 times the sum of the hot and cold S-values 
since all tests were conducted at constant temperature, the latte: 
reduces to 2.5 times the S-value at the test temperature. This 
comparison indicates a safety factor of the order of 2.5 in terms of 
stress, and of 100 in terms of life. This would appear more than 
ample to the writer for noncorrosive service; under active corro- 
sion, there is of course no endurance limit. An additional consid- 
eration in setting a proper stress limit, of course, is the rupture 
strength. While the authors’ fatigue tests were of too short 
duration to provide any clues with respect to this factor, it would 
seem improbable in the light of their rupture-strength data that 
failure as a result of extended service at stress should occur with 
the proposed limits; the stress amplitude (one half the range) is 
only 16,375 psi, as compared with an extrapolated rupture 
strength in 100,000 hr of twice that value at 1050 F. 

In conclusion the writer would like to suggest the initiation of 
full-scale fatigue tests in which the stress conditions would be pro- 
duced directly by temperature variation, as is the case in actual 
practice. Thanks to the authors, engineers now have available 
high-temperature in addition to room-temperature fatigue-test 
data, and while these can be combined to produce a picture of the 
actual performance under temperature changes, experimental 
proof of the validity of any reasoned theory appears necessary for 
certitude. The writer fully appreciates that tests of the type he 
proposes could be quite time-consuming, but perhaps some arrange- 
ment for alternating automatically the admission of hot steam and 
cold air in a test at extremely high stresses may make a project of 
this type feasible. 


J. Murpuy® anp N. A. Wert.’ This paper is a valuable 
contribution to the limited literature on the action of piping 


® Section Engineer, Development Division, The M. W. Kellogg 
Company, New York, N. Y. Mem. ASME. 


7 Development Engineer, The M. W. Kellogg Company. 


systems subject to fatigue at elevated temperatures, and we hope 
will foster further research in this field. 

The thermal-shock tests represent a good duplication of con- 
ditions which might be encountered in high-temperature piping 
systems of steam power plants under the action of boiler feed- 
It is felt, however, that a more representative 
condition would have been obtained with fixed instead of free-end 


water carry-over, 


pipes, inducing thereby additional thermal-expansion stresses, 

As carried out, the thermal-shock tests impose a nearly bal- 
anced biaxial stress system on the surfaces of the pipe, these stresses 
being tensile on the inner face and compressive on the outer face 
during the quenching cycle. 
and using the von Mises-Hencky theory, the stress levels given in 
Table 8 were reached during the water-quenching cycle 

Table 8 may aid in explaining certain phenomena observed 
during the tests, such as the greater distortion of the ferritic 
assemblies of the 80-schedule specimens, and the more intensive 
crack formation encountered in the 160-schedule than in the 80- 
schedule assemblies. 

The tensile stresses at the internal surface of the pipe exceeded 
the external surface during the 
quenching cycle, this difference becoming even more prominent 
by the addition of the tensile stresses. In view of the 
magnitude and tensile nature of stresses, it seems plausible to 


Based on previous progress reports® 


the compressive stresses at 
larger 


expect cracking to be initiated at and propagated from the bore 
of the pipe. Unfortunately, the problem of crack initiation can- 
not be resolved with certainty, 
the bore of the assemblies during the present tests 
the probability of crack initiation at the inside surface is en- 
hanced through the results of some very simple eyclie thermal- 
shock tests, carried out by Holmberg,? who produced cracks 
radiating from the bore of short tubular specimens, although the 
thermal stress was developed by suddenly heating the inside 
wall of the cylinder. 

Conversely, the cracking actually observed in the external 
surfaces of the welded regions can hardly be relegated to the biax- 


since no examination was made of 
However, 


ial stresses developed during quenching, in view of the mediocre 
A better ex- 
local differential 


level and compressive character of these stresses. 


planation may be offered by considering the 
5 BE. 8. Reports 4C(1)17X1603 to 4C(7)17X1603, by W OG 


Schreitz, et al.. September, 1949, to October, 1951 cat ma 


* Authors’ Bibliography (2). 
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plastic flow developing at the location of _ stresses, and at 
junctions of materials having different mechanical and thermal 
properties; this would tend to induce cracking at the less ductile 
zones, notably the weld deposit or heat-affected base metal, as 
indicated by the tests. 

The anomalous behavior of the temperature changes in the 
austenitic assemblies during the thermal-shock tests merits 
attention and should encourage further research; a liquid-film 
effect may explain only a small part of the unorthodox behavior 
encountered, 

The mock-up tests follow more directly the lines of elevated- 
temperature fatigue tests. The significant part of the stresses is 

. the “stress range,’’ which corresponds to the differential dis- 
placement during cycling; the maximum initial stress imposed, 
corresponding to the constant portion of displacements, does not 
merit great importance, since the resulting stresses, if excessive, 
are reduced by local plastic flow. It is deemed, therefore, that 
more significant information could have been gained by focusing 
attention only on the cyclic portion of stresses, by means of a 
simple reversed cyclic fatigue test. Fortunately, sizable reduc- 
tions took place only in the “equivalent mean stress,” whereas the 
“equivalent stress range’’” remained practically constant through- 
out the tests, as shown in Table 9 of this discussion; also as would 
be expected, the ferritic assembly exhibited a greater tendency 
toward stress relaxation than did the austenitic specimen. 


TABLE 9 


For piping systems operating at high temperatures, the ASA 
Code for Pressure Piping prescribes an allowable stress which is to 
be compared with the equivalent hot and cold stresses developed 
under thermal expansion. The code allowable stress is in reality 
an “allowable stress range,”’ as is brought out more clearly in the 
preposed revision of the code now under consideration. To apply 
this allowable stress range as the maximum stress during the 
elevated-temperature test, while using the allowable “hot stress’’ 
. for the equivalent stress range of the fatigue cycle, is certainly in 


excess of the demands imposed on a piping system due to heating 


and cooling as reflected by the code, especially when these 
: “allowable stresses’ were increased by the ratios of 1.25 and 1.67 
7 during the first and second runs, respectively. It is, therefore, 
7 very reassuring to know that the piping assemblies performed as 
well as they did, both types of materials withstanding 4000 
cycles each at 1.25 and 1.67 times the basic stress condition, and 
still having a considerable life left for the alternating cyclic 

fatigue tests. 
The stress-level sequence of the mock-up tests is suggestive of 
a coaxing effect that may have taken place, especially in the case 
of the 160-schedule austenitic assemblies. Coaxing has been 
shown! to have a beneficial life-extending effect on materials 
subjected to fatigue conditions, if the successive stress-level 
increases (the coaxing) are sufficiently small. This may help 


” The following meaning is attached to these terms: 
Equivalent mean stress = 
Max equivalent stress + min equivalent stress 


Equivalent stress range = 
Max equivalent stress — min equivalent stress 


1 ‘An Investigation of the Coaxing Effect in Fatigue of Metals,” 
by G. Sinclair, presented at the Annual Meeting of ASTM, June, 
1952, New York, N. Y 
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explain the good performance of the 160-schedule austenitic 

assembly. 

The advisability of selecting the stress-reference station at 
location e-f also must be questioned; it seems preferable to report 
stresses at the expected location of fracture. As shown in Figs. 
8 and 9 of the paper, locations of maximum stresses should have 
been anticipated at the pipe bend joining the straight segment 
near the moving end of the mock-ups (location m-n), since the 
high moments developed there are aggravated by the stress con- 
centration occurring in the bend. 

These remarks are documented by Table 10 which shows 
that, if the stresses at location e-f are taken as a basis of per- 
formance, the austenitic assembly must be taken as the superior 
one. If, however, one draws into comparison the maximum 
stresses measured at location m-n, the austenitic assembly seems 
to be only slightly stronger, having withstood 3730 cycles at a 
51,000 psi equivalent-stress range, as compared to the 54,800-psi 
range sustained by the ferritic assembly for 2160 cycles. Adding 
the fact that the austenitic assembly actually failed at location 
m-n, Whereas the ferritic assembly failed in the cross section of 
gages m-n but at the bottom of the pipe bend (where the stresses 
must have been higher than at m-n), it becomes difficult to es- 
tablish a clear-cut superiority of one piping assembly over the 
other. 

It may be added in conclusion that the mock-up tests are not 


RELAXATION OF MOCK-UP ASSEMBLIES DURING FIRST RUN 
80-Schedule, 6-in. pipes— —160-Schedule, 6-in. pipes— 


Ferritic Austenitic Ferritic Austenitic 
Initial 6300 9500 10700 
Equivalent stress range Final 5000 8700 5100 10000 
Hours at stress and temperature 64 v2 116 135 


truly representative of the stress conditions existing in elevated- 
temperature piping systems, since with the latter the reversed 
stresses will occur only in the off-stream (cold) condition. The 
tests, however, do provide a clear picture as to what could be 
expected to occur if a highly stressed elevated-temperature pipe 
line were subjected to relatively small vibratory stresses (Ist and 
2nd runs), or if these vibrational stresses would become over- 
whelming as compared to the steady stresses (additional runs). 
In this aspect the tests provide a welcome addition to the knowl- 
edge in this field. 

TABLE 10 COMPARISON OF STRESSES AT LOCATIONS e-/ AND 

m-n DURING MOCK-UP TESTS 


Equivalent-stress 


range in psi at location— Number 

e-f m-n of cycles 
soe Ist run 6300 12400 4030 
SP-aopuls ferritic as- 2nd run 200 16100 4270 
y 3rd run 28000 54800 2160 
Ist run 10700 11600 4100 
2nd run 13300 14400 3970 
160-schedule austenitic 3rd run 30800 32850 4000 
assembly 4th run 36200 38700 880 
Sth run 42000 44800 520 
6th run 47600 51000 3730 


Ernest L. Ropinson.'"? The writer would like to summarize 
in very round numbers the extent of the tests described in this 
report and the significance of the test results. Full-sized lengths 
of 2'/, per cent chromium, | per cent molybdenum piping, and 
18-8 (Type 347) piping were tested under full steam pressure and 
tempereture and given all the kinds of mistreatments that were 
anticipated as possible to occur in 20 years of naval service. (Tf, 
in what he has to say, the writer appears to criticize some of the 
test conditions as not having been severe enough to bring out the 


1? Structural Engineer, Turbine Division, General Electric Com- 
Fellow ASME. 
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bic. 31 Test Conprrions or 1, 2, 3 


full strength of the pipe, he has to admit having been one of the 
group who decided upon the test conditions. ) 

These pipes included welds in which the adjacent base materials 
were unlike, that is, the low-alloy ferritic material on one side and 
the high-alloy austenitic material on the other, 

The pipes were given 100 slugs amounting to 8 or 10 gal of 
boiler water each. That was a much larger slug than was origi- 
nally thought to be representative of carry-over. 

Thereafter in the form of expansion loops, the pipes were wig- 
gled back and forth through a deflection corresponding in amount 
to the allowable bursting stress permitted in the Boiler Code at 
the time the program was set up. This was done for 4000 cycles 
in each case, a number which was thought of as corresponding to 
lighting up the boiler every other day and letting it go cold every 
other day for 20 years. 

After this test was completed, certain rearrangements were 
made and the amount of the wiggle was increased by a third and 
the pipes given an additional 4000 cycles. 

Finally, in order to find out how much it would really take to 
break the pipe, the range of the wiggle was greatly increased until 
the stress range was approximately 60,000 of which 25,000 was 
compression and 35,000 tension. The low-alloy pipe stood 2000 
such eveles in addition to the previous 8000 and the high-alloy 
pipe stood nearly 4000 such cycles in addition to more than 13,000 
previous cycles. 

This was the range of stress (whether longitudinal or trans- 
verse) in the region where the pipe finally leaked. In each case 
the leak occurred in a region where the moment was roughly 20 
per cent greater than at the control station but roughly 20 per 
cent less than the maximum over at the fixed end where no leak 
occurred, The moment at the weld between unlike materials was 
a little smaller than at the control station. 


TESTS OF AUSTENITIC 


Os | 
gratifying to learn of the correlation between his own room- 


~ reported on in the paper. 


AND FERRITIC STEELS 

The most important result of these tests is the fact that it took 
10 times the 6000-psi allowable stress in the low-alloy pipe and 6 
times the 10,000-psi allowable in the high-alloy pipe to cause fail- 
ure and it would seem as if this ought to be very hopeful for the 
success of such pipe in the future. 

The diagrams, Fig. 31 of this discussion, attempt to show 
pictorially the test conditions liste 1 by the authors in Tables, 1, 2, 
and 3. 


Autuors’ CLOSURE 


The authors greatly appreciate the efforts made by Mr. Markl 


to the design of high-temperature piping systems. It is also 


P= bring out the significant features in their paper as they relate 


temperature fatigue tests and high-temperature fatigue tests, 
The assumption that a certain per- 
centage of fatigue life is used up at a given stress level may be 
open to question. There is evidence to indicate that materials 
like the austenitic steel, which is susceptible to strain hardening, 
are strengthened when tested in fatigue at increasing levels of 
stress. 

The stresses at location m-n which were obtained by Mr. 
Markl from data given in the paper for location e-f are in good 
agreement with corresponding stresses computed by Mr. D. B. 
Rossheim from strain-gage measurements contained in the origi- 
nal Progress Reports which were available to him. This com- 
parison is shown in Table 11, herewith. The stresses for location 
m-n are transverse stresses, Whereas those given in the paper for 


location e-f are longitudinal. 


TABLE 11 COMPARISON OF STRESSES 


As computed by D. B. 
Rossheim from strain-gage 
measurements 
Max. stress, Min. stress, 
psi psi 
25800 14700 
39100 22400 
23400 14500 
27000 ~~17600 
32400 —18200 
44900 23900 


As gue in discussion of 
. R.C. Markl 


Max. stress, Min. stress 
psi pai 
31650 17300 
38900 20450 
25600 14300 
29600 17300 
35500 18900 
38100 23600 


The mechanical method of loading was employed inasmuch as 
the original purpose of the test was to compare full-scale assem- 
blies in austenitic and ferritic steels at temperature and pressure, 
and besides, the necessary equipment was available. However, 
the suggestion to initiate full-scale fatigue tests in which the stress 
conditions would be produced by temperature variation has 
merit. The temperature-cycle method would be better adapted 
for allowing sufficient time for significant thermal creep to occur. 
The ductility of certain ferritic steels, as, for example, the chro- 
mium-molybdenum-vanadium steel, is reduced when stressed and 
subjected to prolonged heating at temperatures in the vicinity 
of 1000 F. The temperature-cycle method also should prove 
useful for determining the effeet of reduced ductility on the per- 
formance of full-scale assemblies in such materials. 

The authors wish to thank Messrs. Murphy and Weil for their 
carefully prepared discussion of the paper. The comments 
are a real contribution, particularly in view of the fact that the 
paper Was presented as a summary report. 

In planning the test it was recognized that higher stresses 
would be induced by fixing the ends of the thermal-shock speci- 
mens but it was not considered that this procedure would be more 
representative of conditions in service. Therefore it was de- 
cided to isolate the effect of temperature shock by having the ends 
unrestrained. The equivalent stresses for conditions reached in 
the water-quenching cycle were not included in the paper, and 
as pointed out by Murphy and Weil, may aid in explaining the 
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greater distortion of the 80-schedule ferritic specimen, and the 

more intensive crack formation encountered in the thicker 160- 

schedule specimens. 

No inspection was made of the bores of the thermal-shock speci- 
mens as these provided the horizontal member of the mock-ups. 
Although the probability of crack initiation in the bores as a re- 
sult of the shock treatment should not be minimized, it is believed 
that sudden heating from the inside, as carried out by Holmberg, 


would result in more drastic action, and produce cracks within 


fewer cycles. This would seem to be confirmed by the fact that 
internal surface cracks developed in pipes subjected to the 
periodic flow of hot oil after comparatively few heating and cool- 
ing cycles. 

It was not the intention to imply that cracking in the external 
surfaces of the welded regions resulted from biaxial stresses during 
quenching but only that the oil-powder method of inspection 
revealed cracks which were not apparent prior to the shock treat- 
ment. The fact that external cracks were not revealed in the 
welds by the oil-powder method until after the thermal-shock 
treatment might indicate that the defects were potentially present 
as planes of weakness from the beginning, and that the 
caused development into fine 


stress 
conditions imposed by the test 
eracks. The suggestion that local plastie flow with peak stresses 
at junctions of dissimilar metals would tend to induce cracking 
in the less ductile zones is tenable. It was pointed out in the 
paper that welds joining austenitic to piping, 25 20 
chromium-nickel in V-type joints and 19-9 Cb in transition-tvpe 
joints, showed the greatest tendency to fissuring. 

The authors agree that the anomalous behavior of the tempera- 
assemblies during the thermal- 
The liquid-film effect 


ferritic 


ture changes in the austenitic 
shock tests merits further investigation. 
Was suggested as a possible explanation, 


The mock-ups were not subjected to a simple reversed cyclic 
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fatigue test from the start because it was desired to have results 
which could be interpreted in terms of Code practice. The 
assemblies were finally tested to failure under completely re- 
versed evcles of stress as this method gave greater assurance that 
the elastic range of the materials would not be exceeded. 

Testing the austenitic mock-up at several levels of fatigue stress 
may have had a strengthening effect. However, tests of rotating 
cantilever fatigue specimens taken from the pipes gave sub- 
stantially higher values for the cayeyroney steel. The endurance 
limit for the latter at 1100 F was 35,000 psi as compared with « 
corresponding value of 18,000 psi for the ferritic steel. The 
plan of test ealled for subjecting the mock-up to a level of re- 
versed stress calculated to produce failure within 4000 cycles, 
starting with the 80-schedule ferritic mock-up. Actually, failure 
occurred after 2160 cyeles. As a result, a somewhat lower stress 
level was selected for testing the austenitic mock-up than would 
have been done otherwise. Increasing the stress level in three 
stages may have contributed to the good performance of the 
austenitic assembly. The other two mock-ups are still available. 
Should these be tested at a later date, the experience thus gained 
will serve as a guide in selecting the fatigue stresses. 

It was considered advisable to locate the control strain gages 
e-f in the straight section of horizontal piping where there were 
no stress concentrations. This would seem permissible consider 
ing that strain gages also were placed in the region of maximum 
The tests, in addition to providing 
under 


stress, namely, location m-n. 


information concerning probable behavior vibrating 


stresses, also give assurance of high-temperature piping systems 
under conditions that are in excess of demands imposed by the 
Code. 

Mr. Robinson's running account of the test together with the 
excellent diagram illustrating the stress history of the specimens 
should inspire confidence as regards the performance of such pipe 
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Metal-Cutting 


> By R.S 
y R 


we 


The practical problem of suppressing chatter in a ma- 


chine tool often can be solved by a study of the modes of 


Con 


cerning the cause of chatter, three phenomena may be 


vibration and the proper application of dampers. 


recognized: namely, primary chatter, transitional in- 
stability, and feedback effect. Primary chatter is believed 
to be caused by the lag of the temperature and stress state 
in the vicinity of the shear plane. Transitional instability 
is associated with a work-hardened skin and may occur 
whenever all or part of the cutting edge operates in this 
Constructive and destructive feedback effects are 
demonstrated and a method of utilizing these effects to 


region. 
suppress chatter is suggested. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


cutting force tangential to work surface 
thrust force perpendicular to work surface 
cutting surface speed “ees 

wave length 
frequency 

dashpot strength, Ib in, see 

work constant; rate of increase of thrust force with 


depth of cut “we 


spring constant of quill at tool point 
circular frequency during cutting 
free circular frequency of quill 


INTRODUCTION 

For many years the machinist has been aware of the fact that 
under certain conditions vibrations oceur, during turning or bor- 
ing on the lathe or similar machines. This phenomenon has been 
termed chatter. These vibrations produce irregular surfaces and 
are generally undesirable. In recent years many investigators 
have concerned themselves with the theory of the metal-cutting 
process but very little work has been done on the vibrational na- 
ture of metal cutting. 

The purpose of this paper is to outline some of the facts about 
chatter, how to eliminate it, and to consider some of its funda- 
mental causes. It will be necessary to present a few elementary 
essentials from the theory of vibrations. 

The term “‘chatter’’ usually refers to some sort of periodic sur- 
face irregularity. Periodic irregularities may be caused by un- 
even gear teeth, rough spindle bearings, unbalanced rotating 
members, or by intermittent cutting contacts as occur in milling 
All of these irregularities might be called ‘‘forced chatter,’’ The 
frequency of occurrence of these will change in proportion to the 
speed of the spindle or machine, On the other hand, periodie ir- 


‘Consulting Engineer, The Heald Machine Company. Mem. 
ASME. 

Contributed by the Research Committee on Cutting Fluids, Re- 
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and Its Elimination 


regularities often oecur whose trequeney of occurrence is inde- 
pendent of the spindle speed but whose frequency is related to one 
of the natural frequencies of vibration of the machine, This type 
of chatter might be called ‘‘self-excited chatter.’ This phenom- 
enon is the subject of the paper and hereafter will be referred to 
as chatter, unless modified otherwise, 

It is important to differentiate clearly between forced chat-_ 
ter or forced vibration and self-excited chatter or more prop- 
erly, self-excited vibration. Den Hartog (1)? gives the following 
definition: 

“Tn a self-excited vibration the alternating force that sustains 
the motion is created or controlled by the motion itself; when the 
motion stops the alternating force disappears 

“In a forced vibration the sustaining alternating force exists in- 


dependently of the motion and persists even when the vibratory 


motion is stopped.” 


A boring tool at the end of a long bar or quill will run idle 
smoothly, but a vibration often may be observed to build up as 
cutting proceeds thereby demonstrating « self-excited vibration. 


ELIMINATION OF CHATTER AT THE MACHINE 


Suppose one is confronted with a machine tool which is chat- 
tering on a certain job and that the machine is in good working 
order and the tools are of good design and are statically stable; 


-Le., as the cutting forces increase the tool is deflected in such a 


way as to reduce the depth of cut. There is a reasonably simple 


approach toward eliminating the vibration 


The first step is to decide whether the vibration is forced or 
self-excited. If cuts are taken at several speeds and the spacing 


of the chatter marks (wave length) observed, it usually will be 


found that this wave length either remains constant or varies in 
proportion to the speed. The wave length \ is related to the sur- 


face speed V and frequency f by 


Consequently, if the speed and wave length are known the fre 
If it is found that the fre- 
quency remains constant, as cutting speed is changed, the chat- 
If the 
frequency is proportional to cutting speed the vibration is forced 


quency can readily be computed. 
ter is of the seli-excited type, the subject of this paper. 


Since the cure for forced vibrations is usually straightforward this 
case will not be considered in this paper. 

Having found the chatter to be self-excited, it can be concluded 
that the frequency is a natural frequency of some mode of the 
machine, Just as a violin string may vibrate as a half wave 
(fundamental mode) to produce its fundamental tone, or as a 
full wave (second mode) to produce its first harmonie tone, i.e., 
at a higher discrete frequency, so do machines vibrate. With 
each mode, or fashion, or configuration of vibration ef the ma- 
chine there corresponds a discrete frequency and this may be used 
to “fingerprint”? and track down the offending member. With 
long boring bars or slender flexible workpieces there is usually not 
much question as to the mode of vibration, Le., the cantilever 
beam mode for a free-ended boring bar and a simply sup- 
ported beam mode for a long slender shaft in the lathe. In 
many instances, however, the mode of vibration cannot be guessed 

By using vibration pickups and the oscilloscope and by judi- 


2 Numbers in parentheses refer to Bibliography at the end of paper 
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cious tapping of the machine its natural modes of vibration and 
their corresponding frequencies can be found. When one has 
found the mode of vibration having the same frequency as that 
observed on the workpiece during chatter,? a solution to the 
problem is much nearer. In some cases the offending structure 
can be stiffened. If the offending structure happens to be the 
workpiece or a long boring quill, another solution will have to be 
sought. Machine-tool builders for many years have realized 
the necessity for mass and rigidity in their machines. However, 
they have not fully utilized damping forces or dashpots in them. 
Those who are familiar with the theory of vibrations know the 
profound effect which damping has on an unstable oscillatory 
system. The addition of a certain amount of damping will con- 
vert an unstable system (a chattering machine tool) to a stable 
system (a machine tool cutting smoothly). An illustration of 
this is given in Fig. 1 showing a damped quill (2), which chatters 
without the damper in place but cuts smoothly with the damper. 
The vibrational characteristic of the quill with and without the 
damper is shown in Figs, 2(a) and (b), respectively. It is this dif- 
ference that converts the dynamically unstable system to a stable 
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Instances often have been observed where modes, other than 
the cantilever mode of the boring bar or quill, produced the of- 
fending vibration. For example, in one case it was observed that 
a fairly rigid tool shank '/,in. in. with */,-in. overhang was 
vibrating at 13,000 cycles per see (cps). In another case the 
bridge which spans the ways on a ‘‘Bore-Matic’ 


was found to be 
vibrating in a torsional mode at about 130 eps. Consequently 
it should be apparent that in order to correct such troubles it is 
necessary to search out the mode of vibration causing trouble. 
Obviously, it would be useless to apply a damper to a boring bar 
when the tool shank projecting from the bar was producing the 
chatter. 


* The natural frequency of the tool-supporting structure may be 
somewhat higher when the tool is in cutting contact than when not 
in contact with the workpiece, because the ‘‘work constant" (the 
rate of change of thrust force with respect to depth of cut) tends to 
increase the natural frequency of the system. A cantilever quill be- 
comes a spring-supported cantilever when the tool contacts the 
workpiece 
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Tueory or CHATTER 


At present the theory of chatter is incomplete. However, cer- 


tain facts and observations may be of interest. It is convenient 
to consider separately three cases of cutting. (a) Consider a 
square-edge tool cutting under orthogonal conditions on an in- 
finitely long workpiece so that there is no interaction between the 
vibratory motion of the tool and any undulatory surface pre- 
Furthermore, the chip is rectangular in cross 
section and nowhere does its cross section taper to zero as would 


viously produced, 


be the case with round-nosed tools taking the chip cross section 


shown in Fig. 3. Instability which occurs under these conditions 
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will be called “primary instability’? or “primary chatter.’ Tn 
case (b) of cutting, the undulatory surface, which was produced 
during the preeeding revolution, causes a periodically varying 
This effeet will be called 
Case (¢) to be considered involves conditions under 


force to aet on the motion of the tool. 
“feedback.”’ 
which regions of the metal of the workpiece must decide whether 
to become chip material or remain as work material. Such eondi- 
tions oceur with round-nosed tools where the chip cross section 
tapers out into a thin region as shown in Fig. 3. This region in 
which the chip is very thin will be termed the ‘‘transition region,’’ 
and instability rising in this neighborhood will be called ‘‘transi- 
tional instability.”’ 

Before considering the effects in detail, some description of the 
experimental setup may be in order. During the course of time 
numerous setups have been made for one purpose or another but 
the majority of the data to follow were obtained on the setup to be 
In Fig. 4 a short tubelike workpiece (2 ft in cireum- 
A large angle bracket, 


described. 
ference) is mounted on «a boring head, 
which carries a heavy block, is mounted on the table of a precision 
A cantilever bar with a tapered shank is drawn 


A simple straight- 


boring machine. 
securely into the tapered hole in this block 
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edged tool is mounted near the free end of the bar in such a way 
as to produce orthogonal cutting on the end of the tube. Va- 
riable-reluctance magnetic gages operate on the far side of the tool 
and are just visible in Fig. 4. In back of the plate carrying the 
gages, a bushing with a large oil-filled clearance encircles the end 
of the bar providing a terminal dashpot for vibration control. 
The gages, amplifier, and oscillograph, shown in the background, 
are capable of responding to about 1200 or 1500 cps. The pur- 
pose of the gages is to measure the motion of the tool during 
revolution of the workpiece. 

Fig. 5 shows a typical workpiece. 
in. wide and extends upward perpendicular to the paper. In 


The surface to be cut is '/s 
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some tests a window or interruption was cut in the workpiece 
between the points marked ‘‘start’’ and ‘“‘finish’’ to allow rapid 
positioning of the workpiece for engaging the tool so that one 
and only one uniformly deep cut is made in one revolution. By 
virtue of its holder, the workpiece is capable of a small endwise 
movement. It is ‘‘cocked’’ against heavy springs in its holder 
and when, during the rotation of the work, the interruption comes 
opposite the tool, the springs are triggered, the workpiece moves 
It takes 
about 0.002 sec for the workpiece to be brought into cutting posi- 


toward the too] until it is restrained by a positive stop. 
tion. Once in cutting position the tool engages the work ab- 
ruptly at the point marked start. 
uniform depth of cut until the interruption again reaches the tool 
at the point marked finish. During the time the tool is in the 
interruption another spring (not shown in Fig. 4) is triggered 
which rapidly deflects the tool backward away from the work by 
an amount greater than the tool deflection during the cut, so 
that, although the workpiece continues to rotate at high speed no 
subsequent cutting is done. In this way « uniformly deep cut is 
taken at reasonably high speeds (600 fpm) and the cut surface of 
The interruption is 


Cutting then proceeds at a 


the workpiece is preserved for observation. 
approximately 4 in. long, leaving about 20 in. for the length of cut. 

In other tests the workpiece was left continuous and the tool 
In this series the depth of eut in- 


simply fed into the face. 
creased uniformly during the first revolution. 


Primary INSTABILITY 


Fig. 6 is an oscillogram showing the cutting forces or ‘ool mo- 
tion under conditions where there is no feedback effect nor any 
The upper trace at the left represents the 
The lower 


transitional effect. 
thrust force or motion normal to the work surface. 
trace represents the cutting force or motion tangential to the 
work surface. At the moment the tool abruptly engages the work, 
the upper trace deflects downward (at the left) while the lower 


0.003 in 
in. 


Tool: Kennametal 

(0° rake, 2° clearance) 

OscrLLoGRaM SHowine ot 
From Resr 


Depth of cut 
Width of cut: 


bia. 6 “Primary Cuarrer"” 


These indicate displacements ot the tool 
away from the work and downward, respectively. The depth 
of cut is uniform along the length of the oscillogram and time 


trace deflects upward 


increases toward the right. 

In order to observe the build-up of primary chatter from rest, 
the shock of impact at the beginning of the cut is absorbed by the 
terminal dashpot. About halfway around the workpiece (half- 
way along the oscillogram) a solenoid suddenly withdraws the 
dashpot without disturbing the cantilever bar. This is approxi- 
mately in the middle of the oscillogram and it will be seen that, 
very promptly, a vibration grows, 

It might be mentioned, at this point, that the cutting forces, 
tool-chip interface temperatures, cutting ratio, and chip-curl 
transient all reach quasiequilibrium in the first 2 in, of cutting or 
less (approximately '/) of the active length of the oscillogram ) (3). 


The cause of the foregoing phenomenon, in so far as the author 
Although Arnold (4) claims this in- 
stability is due to a negative cutting foree-cutting speed relation, 


i.e., 


is concerned, is not known 


av 0 
there seems to be considerable evidence to disprove this hypothe- 
sis, In the author's tests, the slope of the cutting force-cutting 
speed curve appears to be zero, at least in the neighborhood of 
600 fpm 
zero slope, especially at high speed. 


Many other investigators also have found essentially a 
Armitage and Schmidt (5) 
Inost 


reviewed numerous cutting foree-speed data. In CASES 


there was little change in cutting force with speed; however, in 
some cases there does seem to be a negative slope to the fe versus 
Vocurve. Since the slope of this curve has the dimensions of 
change in cutting force per unit change in speed, it can be con- 
sidered to act as a “negative dashpot,”’ Cpe. Taking the data of 
Trigger and Chao (6) one finds, at 600 fpm, a value of Cy, of 360 
lb /in/see per sq in. of cut. Reducing this to '/,-in-wide cut * 
0.003 in. deep, gives Cp = 0.13 Ib/in/ sec 

In the case of Fig. 6 this means the dashpot strength due to 
the natural damping in the undamped tool system would have to 
be less than 0.13 if instability caused by the negative force-speed 
characteristic is to occur, Since the logarithmic decrement for 
the undamped cantilever is about 0.01 the effective dashpot 
Consequently, even with the negative slope 
Fur- 


strength C is 0.72.4 
shown by Trigger and Chao, instability should not occur 
thermore, Arnold found his tool to be stable when sharp, which he 
failed to explain in terms of his F, versus Vo hypothesis, and to 
develop chatter only after it had dulled, 
the strong influence of clearance angle in producing transitional 


In the following section 


instability will be deseribed and it appears that the chatter ob- 


served by Arnold was due to transitional instability. Conse- 
quently the negative cutting force-cutting speed characteristic 
does not seem to be the eause of primary instability Another 

‘ Formulas relating logarithmic decrement to dashpot strength are 
given in Bibliography reference (1). 
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Material: Leaded bronze Speed: 400 fpm 
Tool: Carboloy S83 Depth of cut: 0.002 in. 
(O° rake, 2° clearance) Width of eut: '/ein. 
hig. 7 SHowing PuHase Recarion 


Between anp Vertical Motion or Toot 


PLUNGE-FAcING END OF Workpiece 


hypothesis is the interplay between stress and temperature on the 
shear plane and has been suggested by Hahn (3), but since this is 
highly speculative it will not be pursued further in this paper. 

Fig. 6, which has been discussed, was made under conditions 
where the workpiece was rapidly advanced axially, while the too! 
was in the interruption, and a uniformly deep cut taken during 
the ensuing revolution. Fig. 7 is similar to Fig. 6 except that th: 
workpiece had no interruption and the tool was fed in to “plunge 
face’ the end of the tubelike workpiece. Here the depth of cui 
increases uniformly during the first revolution. This oscillo 
gram is shown to illustrate the fluetuating phase relation between 
the normal and tangential motions. The traces have the same 
significance as before. It will be seen that when the motion of the 
tool is counterclockwise, energy is fed into the tangential mode 
and, when clockwise, energy is dissipated from the tangential or 
cutting-force mode, Tf there were an instability in the normal 
direction it is clear that this would force a vibration tangentially, 
Again, this behavior does not seem to fit into the negative cutting 
force-cutting speed hypothesis. 


TRANSITIONAL CHATTER 


In the usual boring and turning operations, where good finishes 
are desired, it is customary to take a chip whose cross section is 
Here the metal that is being cut was worked 
upon during the preceding revolution, The metal surface B-C 
has been work-hardened and plastically deformed. It will be 
shown that this metal cuts very differently from the base metal. 
Fig. 8 is a record of the first revolution of a plunge-facing operation 
performed on base metal (metal that had been machined pre- 


illustrated in Fig. 3. 


viously with a sharp-pointed tool and with a large lead so as to 
produce a minimum of surface deformation and not to produce a 
glossy finish but a finish which actually showed the grain strue- 
ture; this finish will be referred to as a matti finish). 

Fig. 8 shows the cutting force (lower trace) and the thrust force 
(upper trace) both increasing gradua’ly as the depth of cut 
gradually increases during the first revolution. Fig. 9 is a simi- 
lar record when cutting a glossy surface (the metal had been ma- 
chined previously with a round-nosed tool at low lead to produce a 
highly distorted surface), Here the average thrust force rather 
abruptly increases to a uniform value and remains at this value 
even though the depth of cut The 
average cutting force, as before, gradually increases as the depth 
In the early stages when the chip is first being 


continues to increase. 


of cut increases, 
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Speed: 600 fpr 
Depth of cut: 0.002 in. 
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Material: Leaded bronze Speed: 600 fpimn 
Tool: Carboloy 883 Depth of cut: 0.002 in. 
(0° rake, 2° clearance) Width of cut: '/s in. in 
Fic. 9 SHowinc Benavior or Curtinc Forces 


During First RevoLuTION WHEN PLUNGE-Facine 4 Work- 
HarpENED SuRFACE 


formed there is a strong instability and a violent building up of 
vibration in the normal or thrust direction. This vibration forces 
the tangential motion to build up. The frequency during this 
pulse of vibration is somewhat higher than the frequency which 
sporadically persists after the first revolution and an explanation 
will be offered shortly. From the foregoing it will be seen that, 
as the tool breaks through the work-hardened surface, a violent 
instability occurs. 

The behavior illustrated in Figs. 8 and 9 was repeated many 
times. Large clearance angles und negative rakes tend to sup- 
press the strong transitional instability. (It must not be con- 
cluded, however, that negative-rake tools do not chatter.) Cut- 
ting oils and fluids do not seem to affect this behavior except to 
introduce a premature rubbing period as shown in Fig. 10. 

A series of tests were made in which the natural cantilever fre- 
quency of the tool-supporting bar was varied by clamping various 
masses at the end of the bar. In this way the natural frequency 
of the bar was varied between 150 eps and 550 eps. Cuts were 
taken under these conditions and the frequency of the pulse dur- 
ing the transition period noted. Fig. 11 shows the pulse fre- 
quency plotted against the free natural frequeney of the bar. It 
will he seen that 


Pulse frequeney = 1.46 natural frequeney | (11 
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If we consider the tool-work contact to act as a spring whose 
constant is equal to the rate of increase of thrust force with depth 
of cut and if we call this the ‘‘work constant k,,’ to distinguish 
from the spring constant of the quill /,, then the natural fre- 
queney of the quill when cutting should be 


w 
w, = W, 


By noting the slope at which thrust force increases in Fig. 9, one 
finds a work constant in the transition region of about 50,000 Ib 
In these tests the quill constant also was about 50,000 

Consequently, using these values, Equation [2] is in 
It should be 
aus the transition region has been broken 
This may 


per in. 
Ib per in. 
good agreement with the experimental relation 1. 
noted that as soon 
through, the work constant becomes essentially zero. 
seem strange but there is ample evidence to follow which shows 
that it is true at small depths of cut. 


Force Derru or Cur RELATIONS 


In order to study the behavior of the forces when cutting in the 
shallow work-hardened skin the bar was damped and was ad- 
vanced a small amount into the workpiece which was stationary. 
After the tool had been pressed against the workpiece with def- 
inite forces the workpiece was rotated at low speed and the force 
during the first revolution noted. The material removed from the 
end of the workpiece was measured accurately with a sensitive 
electro-limit gage giving the depth of cut. 
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Speed: 20 fpm 
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Material: Leaded bronze 
Pool: Carboloy 883 
(0° rake, 0.458° clearance) 


Fig. 12 shows a force depth of cut relation for a tool with a small 
clearance, As the tool was pressed progressively harder against 
the workpicee, the data in the region marked ‘“‘rubbing’’ were ob- 
tained. In this region metal dust accumulated ahead of the tool. 
The thrust foree rose rapidly and was approximately twice as 

great as the cutting or tangential force. Finally, upon pressing 
the tool a very small additional amount, the depth of cut sud- 
deny increased to a considerable value. Simultaneously, a chip 


was formed. The thrust foree now has fallen considerably below 


its previous value. 
or no increase in thrust foree but do cause the cutting force to in- 
crease essentially linearly. Finally, at depths of cut in excess of 
0 OO4 in. the thrust foree does begin to increase. 

With this close-clearance tool it is clear that there are three re- 
gions: one of semirubbing which produces dust, a region of in- 
stability, and finally a region of cutting. Two sets of data are 
plotted in Fig. 12 and the reproducibility is seen to be reasonably 

The same results occur when the depth of cut is started at 
It is impossible to cut 


Further increases in depth of cut cause little 


good, 
0.004 in. or 0.005 in, and reduced to zero. 
in the unstable region with this bar regardless from which direc- 
tion it is approached. The work constant in the rubbing region 
when converted to a '/,-in-wide cut is in the neighborhood of 
50,000 Ib per in. 

As the clearance is increased the effect described is reduced and 
finally disappears. Negative rakes also tend to suppress this re- 
gion of instability. 

The reason for the high-frequency pulse of vibration in Fig. 10 
The effect of wear in producing chatter in Arnold’s 
(4) tests also becomes evident. 

It should be appreciated that the effective rake and clearance 
angles, defined as (90 deg—the angle between the rake surface 
and the velocity vector of the tool relative to the work) and (180 
deg—the angle between the clearance surface and the relative 
velocity vector), respectively, vary instantaneously as the tool 
vibrates in and out of the work, and consequently a complicated 


is now clear. 


interplay may result, 
FEEDBACK 


Finally, the interaction of the undulatory surface produced the 
previous revolution, with the motion a revolution later should be 
The undalatory surface produces a periodically 
varying force acting on the tool. When a periodically varying 
force of amplitude 75 acts on a periodic motion of amplitude Yo 


considered, 


of the same frequency energy, W is transmitted according to 
W = rPX,sing 


where @ is the phase angle between the force and the motion. 
When there are n and 
When 


Four situations are shown in Fig. 13. 
+ '/.) eveles per revolution no energy is transferred 
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there are (n + '/,) cycles per revolution, energy is dissipated 
from the moving system at the maximum rate. When there are 
(n 1/,) cycles per revolution, energy is fed into the system at 
the maximum rate. 


OSPLACEMENT 
OF Tom 
WAVY SURFACE 


INTERCHANGE DISSIPATED STRUCTIVE AND Destre "CTIVE 


Poase ReELations 


neh a 
ZERO ENERGY MAK ENERGY 
INTERCHANGE FEO INTO SvSTEM 


A simple boring tool at the free end of a cantilever or quill, 
equipped with vibration pickups and boring a hole, may be used to 
illustrate the foregoing. Fig. 14 shows the oscilloscope screen in 
which each sweep of the trace from left to right corresponds to a 
revolution and in which the successive sweeps are displaced up- 
ward by the discharging of a condenser. The speed of rotation 
was adjusted to give 74/4 and 8'/, cycles per revolution in Fig. 
14(a) and Fig. 14(b), respectively. It will be seen that the vibra- 
tion persists in Fig. 14(a), but alternately dies out and becomes re- 
excited in Fig. 14(b), 

This effect sometimes may be used to suppress chatter on mul- 


a 

a 

z 
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PersisTent Vieration WHen Curring 
Wirn 79/4 Cyeres Per 


tiple-toothed tools by making one cutting edge follow another at 
(n + '/4) wave lengths, 

It can be shown that an elastic system will be forced to vibrate 
by a damped train of waves, such as would be produced by a small 
impact on the tool as it is cutting. The problem of determining 
whether the initial wave train will be replaced by a longer or 
shorter train in the following revolution, to the author's knowl- 
edge, has not been solved 
CONCLUSION 


— Tt is hoped that the first section of this paper will be helpful to 


OscILLOGRAM ILLUSTRATING 
Successive Dit Out anp Re-Excitation 
Corrine Cycies Per 

REVOLUTION 
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others in eliminating chatter from machine tools and that the 
second part of the paper will stimulate others to contribute to the 


‘theory of chatter.”’ 
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Discussion 

B. T. Cuao® ano kk. J. Triccer.* The author is to be com- 
mended for this most interesting and informative paper on the 
subject of chatter in metal cutting. The clas- 
sification of chatter by cause is enlightening and 
ig an important contribution toward the under- 
standing and, therefore, the cure for much chat- 
ter encountered in machining. A dashpot effect 
may be accomplished in lathe operations by a 
simple change (generally loosening) of the tail- 
stock setting. An old trick for the elimination of 
some chatter is to move the tool somewhat off 
center and change thereby the transitional in- 
stability. A similar effect may be involved in a 
change of feed which also reduces the effect of 
feedback caused by previously machined 
“chatter” or undulatory surface. 

While the writers have found the entire paper 
profitable, they are particularly interested in the 
discussion of Arnold’s hypothesis that a negative 
cutting foree-cutting speed relationship is the 
cause of primary instability in metal cutting. 
The data by the writers referred to by the 
author? are reproduced with some additions in 
Fig. 15 of this discussion. The cutting speed- 
tool force relationship shown in this figure was 
obtained from several tests on conventional turn- 
ing of NI9445 steel with a sharp carbide tool of 
0 deg back rake and 4 deg side rake. Over the range of speed 
previously reported (100 to 600 sfpm) it is noted that an in- 
crease in speed resulted in a sharp reduction for both cutting 
foree F, and thrust foree F;. The respective values of the two 
components at 600 sfpm are 72 per cent and 46 per cent of the 
values at 100 sfpm. Over the same range of speed the measured 
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chip thickness decreases to 56 per cent of the value at 100 sfpm. 
This latter change, readily observable by an operator, lends 
strong support to the negative cutting force-cutting speed charac- 
teristic under conditions approximating these shown. The dashed 
portions of the curves show the effect of a decrease in speed to a 
point (the peak) below which the formation of a large built-in 
edge alters the effective rake angle and modifies the geometry 
of chip formation sufficiently to cause discontinuities in the trends. 
The writers have observed the negative cutting force-cutting 
speed characteristic in a number of steels at various hardness levels 
using carbide tools in the range of rake angles from negative 2 
deg to plus 10 deg. No exception to the negative trend has been 
observed as long as a type 2 chip is formed and the tool is sharp. 
In support of the author’s contention, the writers have ob- 
served no instability in these tests in spite of the negative cutting 
force-cutting speed characteristic. However, they feel that some 
additional comments on the Arnold hypothesis are in order. 
While Arnold’s analysis shows that a negative characteristic 
in the force-speed relation introduced dynamic instability, it does 
not necessarily imply that vibration will always occur under such 
circumstances. Damping plays an important role. On the other 
hand, the author cites the case in which the effective dashpot 
strength C, is greater than the equivasent negative damping con- 
stant due to negative force-speed relation, C,, yet vibration takes 
place as indicated in Fig. 6 of the paper. This suggests that 
primary instability may be connected intimately with the mecha- 
nism of chip formation itself. It is well known that both the proc- 
ess of plastic deformation and the frictional behavior between 
two rubbing solids are inherently oscillatory. Shearing deforma- 
tion during the formation of a chip is essentially a slipping process 


- 


in which one or more layers of atoms glide past the adjacent layer. 

From the considerations of the interaction of the force field sur- 

rounding the atoms, physicists conclude that such a process of 

slip cannot be uniform and continuous. The stick-slip phenomena 

Observed in friction researches constitute further evidence, In- 

deed, it is this latter behavior which is held responsible for the 
so-called relaxation oscillations in a friction process, 

A.J Cutsuotm.’ is about 8 years since R. Arnold car- 
ried out his research in Manchester, England, on the mechanism 
of cutting-tool chatter ® the writer was associated 
with this work, he would like to comment on a few points in the 
present paper which appear to conflict with the conclusions drawn 
by Arnold, 


Because 


Machine-tool vibration has considerable practical significance 
and it is therefore important to try to obtain a fundamental 
understanding of the mechanics of vibrations. While 
congratulating the author on his research, it seems advisable to 


these 


examine the following points in a little more detail: 


1 The author believes that tool chatter is not influenced or 
produced because of the falling characteristic of the cutting-force 
component in the direction of cutting with cutting speed. 

2 The author considers that the type of cutting-tool vibration 
investigated by Arnold was a “transitional’’ vibration as defined 

in the present paper. 

3 The author states that the theory of tool chatter described 
by Arnold does not account for the effect of tool wear on the result- 
ing severity of the vibration or on the tendency to produce vibra- 

tion, 


Arnold considered that there were three main effects tending to 
produce vibration of the cutting tool in the setup he was con- 
sidering: 


1 The fact that the cutting-foree component in the direction 
of cutting decreased with increasing cutting speed 

2 The effect of the tool-flank wear and the flank face. 

3 In conventional turning, the interference of the cutting 
tool on the undulating profile cut on the workpiece by the vibrat- 
ing tool (this effect is termed by the author, ‘‘feedback’’). 


The evidence that the main cutting force does in fact decrease 
with increasing cutting speed for many materials is very strong. 
Results obtained by Arnold, other results by the writer. for 
gunmetal, and measurements which have been made at the 
Mechanical Engineering Research Laboratory recently, have 
The author shows that the 
negative slope of the force-speed characteristic based on some 


shown this type of characteristic. 


results of Trigger and Chao is in any case too small to produce 
enough negative damping to cause vibration of the tool in his 
case, It would be interesting to know on what amplitude the 
author has based his calculations of negative damping, because: 
the value of negative damping obtained would of course depend 
on the amplitude. Arnold did in fact show, in a particular case, 
by a step-by-step calculation process, that the measured rate of 
growth of vibration of a cantilever cutting tool was entirely 
consistent with the measured positive damping due to internal 
hysteresis of the tool shank when clamped in position and the 
measurements of the dependence of cutting force on speed for 
the same material and conditions. It should be noted that 
vibration is expected to occur only when the negative damping 
due to the force-speed characteristic is greater than the positive 
damping in the system. It also should be noted that it is not 
necessary for the foree-speed curve to have a negative slope at 


* Mechanical Engineering Research Laboratory, Glasgow, Scot- 
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a particular cutting speed for vibration to occur at that speed, 
since the tool may be subjected to a sufficiently large momentary 
displacement to bring the relative cutting speed instantaneously 
to a value where a negative slope does exist; this may result in a 
further increase in amplitude of vibration 

Other experiments carried out by Arnold showed that the rate 
of growth of vibration (and therefore the total negative damping 
of the system) increased with increasing flank wear. This was 
done using an experimental system similar to that of the author’s. 
The rate of increase of vibration from rest was measured with an 
oscillograph immediately after the tool entered the cut. The 
result was explained by showing how the tool flank interfered 
with the cut surface, causing a small additional force to act on 
the tool, phased in the appropriate part of the vibration cycle 
so a8 to Cause an increase in the negative damping in the system. 
It also was shown how this effect would increase with increasing 
tool-flank wear 

The author had found a most interesting effect of the unde- 
formed chip thickness on the normal component of cutting force. 
The resulting change in the frequency of vibration was most 
marked, Arnold had shown that the effect of depth of cut on 
the cutting-foree component in the direction of cutting should in 
fact alter the frequency of vibration, though it should not affect 
the negative damping in the system. The change in frequency, 
however, was considered likely to be very slight beeause the cut- 
ting force was assumed to be roughly proportional to the unde- 
formed chip thickness; in fact, measurements showed that in 
his experiments the natural frequency of the cutting tool and the 
frequency when excited in chatter were practically identical. 

Arnold termed the “feedback” effect a “foreed-vibration”’ 
effect in order to distinguish it from the self-excited effects of the 
force-speed characteristic and the tool-flank wear. The cutting 
tool, in interfering on the wavy surface cut in the previous revolu- 
tion in a lathe, was subjected to a periodic external force as it cut 
small seallops from the wavy profile. As the frequency of this 
external periodic force was nearly identical with that of the nat- 
ural frequency of the cutting tool, the additional effect amounted 
to « foreing effect at resonant frequency. It had been shown in 
one case how the chatter pattern produced on the workpiece was 
consistent with this conception, Each subsequent wave in the 
machined surface had to bear a definite phase relation to the wave 
cut in the previous revolution (that the force leads the displace- 
ment by 90 deg) 

Finally, it is worth pointing out that the setup investigated 
by the author is fundamentally different from that of Arnold’s; 
this might explain some of the discrepancies observed in their 
behavior. Arnold’s setup was one in which a cantilever tool 
was presented end-on into the work, whereas the author’s setup 
was one in which a cantilever tool was presented laterally to the 
work. The latter case was clearly the more complicated as the 
end of the tool would vibrate in an unspecified way in a plane 
perpendicular to the axis of the tool. In the former, the point 
of the tool moved approximately in a straight line in a plane 
parallel with the axis of the tool, the vibration in this case being 
unaffected by the normal component of the cutting force 
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most complex and difficult problems in machining and has given a 
well-supported contribution to its solution. 

The purpose of these remarks is to throw some light on the 
necessary conditions for stable tools. The data which will be 
given do not in any way contradict the findings of the author, 
but they may serve as additional information and may help 
the man in the shop to prevent chatter 

There can hardly be any doubt about the importance of the 
local rigidity of the tool shank, and there are several indications 
seattered around in the literature to the effect that this source 
of chatter can be eliminated to a considerable extent by holding 
the bending action on the tool shank below a certain critical limit. 

So far, two different criteria have been applied, the first one 
consisting of a limiting ratio between area of shank and area of 
cut, the other consisting of a limiting bending stress in the shank. 

Out of the many observations published by F. W. Taylor, one 
ean draw the conclusion that Taylor did not want to go below a 
ratio of approximately 50 (actually he employed a ratio of 52.1 
for his standard °/,-in. and 7/,-in. tools). 

German literature provides a table of standard shank dimen- 
sions, ranging from °/, to 2 in. in relation to maximum permissible 
areas of cut. From this table can be computed limiting values 
of the area ratio, ranging from 60 to 100 (approximately). The 
slight difference between these values, and those of F. W. Taylor, 
may be accounted for by the fact that Taylor used forged tools 
with a shank of tool material. 

This simple criterion does not consider changes in- work mate- 
rial (assumed plain carbon steel with moderate carbon content ) 
or overhang. be taken into account by the 
second criterion, the limiting bending stress. American 
(ierman sources seem to be in agreement on a bending stress of 
approximately 15,000 psi, and once this value is established it 
presents no difficulties to work out tables or graphs which take 
into account all the practical variables (such as type of shank, 
overhang, and workpiece material). 

A physical explanation for the existence of these criteria can 
be given only in broad terms. They are entirely empirical in 
their nature, but apparently their application provides so much 
rigidity in the tool shank (perhaps combined with a slight amount 
of internal damping) that the tool normally will have a natural 
frequency which is outside of the critical range where there is 


These factors can 
and 


danger of resonance. 
A relationship between data of this nature and the author’s 
theory is not in sight at this time. Still, they may be found useful 


for practical applications, 
Autuor’s CLosurRE 


The author sincerely thanks Professors Trigger, Chao, and 
Henriksen and Mr. Chisholm for their most interesting discus- 
sions, 

In connection with Mr. Chisholm’s remarks, the author would 
like to make clear that he does not believe the negative force- 
speed relationship is without effect but that in the author's tests 
it did not seem to be the controlling factor. In reply to Mr. 
Chisholm’s question as to what amplitude of vibration was used 
when calculating the effective negative damping due to the cut- 
ting force-cutting speed relation, the author simply used the 
slope or the value of dF’./dV at 600 fpm and in view of the fact 
that the self-excitation appears to be of the “soft”? type in Fig. 6 
this would seem to be perfectly legitimate. 
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A Lathe Test for the Evaluation 
of Cutting Fluids 


By J. D. OATHOUT,' W. C. HOWELL, J 


A full-scale lathe test procedure is described which 
offers a sound and reproducible laboratory method for 
evaluating cutting-fluid performance. This test is based 
on tool-life measurements in a single-point turning opera- 
tion on steel. Testing technique and data treatment are 
presented. Results show excellent general correlation with 
field-performance tests under widely varied cutting condi- 


tions. 


INTRODUCTION 


ITH the growth of research in metal cutting, manu- 
facturers of cutting fluids are becoming increasingly 


aware of the need for practical laboratory performance 


tests to aid in the development of improved fluids. The develop- 
ment of metal-cutting theory,? the advances in metals and tool 
alloys,® and the improvements in machinery and production®* are 
trial-and-error methods for selecting and 
Phe usual laboratory lubricant test 


rapidly outmoding 
improving cutting fluids. 
methods, none of which involves cuttings, have seldom been 
satisfactory for cutting-fluid evaluation. Wear, friction, 
load-carrying tests have been used because nothing else was 


or 


available. The single properties usually measured by such tests 
are difficult to correlate with the total activity of a fluid as a cool- 
ant and lubricant when it is applied to a cutting operation. 
Metal cutting is a complex process involving shear, deformation, 
and friction, and is difficult, if not impossible, to simulate inknown 
bench-seale tests. 

The procedure described here was developed to overcome these 
shortcomings by evaluating cutting fluids with full-scale equip- 
ment in an actual cutting operation. It consists of measuring the 
effects of a fluid on tool life during single-point turning of steel 
The procedure is similar to that developed by the American 
Standards Association for testing tool materials. Single-point 
turning was selected for cutting-fluid evaluation as a representa- 
tive and standard shop operation with which performance data 
can be obtained readily in short-run tests. Practically every 
cutting operation, whether milling, grinding, broaching, turning, 
or tapping may be considered at any one point of metal removal 
as a single-point process. Moreover, while many shop operations 
may be other than single point, the inclusion of multipoint o1 
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complex tools in a test of this type may introduce tool-perform- 
ance variables greater than the variations due to the cutting 
fluids. 

The techniques of this procedure are the result of many trials | 
covering a wide range of testing conditions. The test has proved 
to be a reliable means of seleeting superior cutting-fluid composi- 
tions and for determining the optimum concentrations and the 
practical effects of various additives. New or unusual cutting- 
fluid compositions can be tried out and their benefits determined 
without the necessity of speculating on unrelated laboratory 
data. The reliability of the lathe test as a measure of practical 
cutting-fluid performance has been established through numerous 
field tests under widely varying cutting conditions. 

It is realized that factors other than the effect of a fluid on 
cutting speed or tool life may determine the suitability or aecepta- 
bility of a particular cutting-fluid composition, For specific 
applications, the lathe test must be used and interpreted in the 
light of the objectives to be achieved, 


Test EQuirMEN' 


The lathe used in this test, shown in Fig. 1, is a standard pro- 
duction, 16-in. 32-speed precision lathe equipped with a 10-hp 
1200-rpm_ motor.® 
Fig. 2, replaces th® compound and toolholder supplied with the 
lathe. The massive construction provides the rigidity required 
in test work, It also serves as a base for a fully instrumented 
tool-post dynamometer which, however, is not essential to this 


A specially constructed toolholder, shown in 


test procedure. 

Cutting tools of 18-4-1 high-speed steel, in. 4/s in. X 
3 in. are obtained from the same draw and heat to insure metal- 
lurgical uniformity. The tools are precision-ground to the shape 
shown in Fig. 3 and designated as follows: 


Back rake 

Side rake... 

End relief 

Side relief 

cutting edge 
Side cutting edge 
Nose radius 


30 deg 


This shape was chosen as representative of single-point tools 
Test bars, 4 in. diam and 20 in, long, are of annealed SAR 
1340 or SAL! 4140 molybdenum steel purchased in ton lots from 
the same draw and heat. These steels were chosen as the most 
nearly uniform of the more common ferrous metals, and give 
results having good reproducibility. Before testing proceeds, each 
test. bar is skinned to a depth of about '/, in. to remove all scale 
The bar is replaced after testing has 


Cutting below this diam- 


and nonuniform outer layer. 
reduced the diameter to about 1'/2 in 
eter usuahy results in springing of the workpiece, with resultant 
uneven cuts and erratic results due to soft centers. 

The test fluid is pumped through */,-in. lines by a standard 
circulating pump powered by a '/;-hp motor, to a cartridge-type 
filter, through a flowmeter, and thence to the work through a 
flexible nozzle. The tip of the nozzle is directed to the center of 


* A suitable lathe and the one actually used in this test is the Sid- 
ney 16-in., Model 32 Toolroom Lathe, manufactured by the Sidney 
Machine Tool Company, Sidney, Ohio 
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3) Curring-Toor SpeciricaTions 


lution. Initial tests indicated that other conditions of depth and 
feed are less satisfactory. These other conditions and the ap- 
proximate tool-life values obtained in dry cutting at 100 sfm are 
the cutting zone and is about 3 in. above it. The velocity of the — shown in Table 1. The basis of selection was the relatively short 
fluid is about 5 fps through the */,-in, nozzle. An eccentric cam 


BASE 


HOLDER AND Toot-Post DyNAMOMETER 


i te ‘rates ¢ ic TABLE 1 COMPARISON OF TOOL LIFE UNDER 
mounted on top of the fluid flowmet r ope rates a mic roswitch VARIOUS DRY.CUTTING CONDITIONS 7 
with each gallon of fluid delivered. The microswitch imposes a : 

Approximate 
small current on a recording wattmeter, and the resulting ‘pip Feed, Depth, tool life, min, 
provides « record of the fluid delivery rate. The cutting-fluid 
reservoir of the machine is partially blocked off to reduce its : 0.01! 0.040 230 

po 0.015 0.050 130 bd 
capacity from 25 gal to 7 gal. The smaller tank makes the quan- 0.015 0.150 9 
tity of test oil less cumbersome to prepare and handle, and permits 
speedier draining and cleaning of the lathe between tests. The ay 0.020 0.080 6 
0.020 0.100 4.5 
lathe also is equipped with a revolution counter and timer, by = = 0 020 0.125 3 
which it is possible to determine the actual spindle speed and to 0.026 0.040 7 


check the time of cutting. : 
time required to produce tool failure using the intermediate 


Test CoNnDITIONS (106-325 rpm) speed range of the available (13-1000 rpm) speeds. 
The depth of cut is 0.125 in. and the feed is 0.020 in. per revo- Use of the intermediate lathe speeds also allows considerable 
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latitude at either end of the normal testing range should it be 

desirable to investigate the effects of the fluid under other cutting 

conditions. Using lighter feeds and shallower depths of cut than 

those finally selected, higher speeds are necessary to produce tool 

failure in times short enough for testing purposes. A sweep of 

7 the workpiece occurs in a very short time at these higher spindle 

q speeds, and several sweeps may be required to produce tool failure 

4 q within 20 to 25 min. Thus an excessive amount of testing time 

~ may be required for measuring the length of cut and the resulting 

diameter after each sweep. Also, tool failure is generally more 

af difficult to detect under light cutting conditions. Feeds and 

depths of cut heavier than those listed in Table 1 resulted in un- 
even cuts and springing of the workpiece at low diameters. 

Fluid flow is maintained at above 4 gpm, since it was found that 

at lower rates, tool life varies with the flow for otherwise constant 

cutting conditions. This is shown in Table 2 by correlated data 

~ from a study of the tool life obtained with various flow rates of a 

mineral oil. 


TABLE2 FLUID FLOW VERSUS TOOL LIFE 


Depth of cut = 0.125 in.; feed = 0.020 in. per revolution; 
cutting speed = 120 sfm 
Tool life, 


No attempt is made to control cutting-fluid temperature, since 
bulk-fluid temperatures do not vary more than about 10 deg F 
from room temperature during the course of testing a fluid. 


PROCEDURE 


For each fluid, a correlation is established by the method de- 


scribed below between cutting speed in surface feet per minute — 


(sfm) and tool life in minutes. The surface speed is calculated 
from the workpiece diameter and the spindle speed. If the work- 
piece is swept more than once to produce a single tool failure, the 
over-all cutting speed is the weighted average calculated from the 
surface speed and length of each of the several sweeps 
procedure is necessary under these cutting conditions and with a 
lathe of fixed speeds, since it is not possible at each new diameter 


to arrive at the surface speed of the previous cut with the spindle — 


This could be overcome by use of an infinitely 


speeds available, 
variable drive on the machine in place of the usual gear-box. 
Tool life is measured in minutes to total failure, that is, com- 


_ plete breakdown of the cutting edge. The approach of tool fail- 
ure is signaled by the appearance of a shiny band on the shoulder 
just ahead of the cut. This section grows progressively wider, 
and may cover the entire shoulder at the instant before complete 
failure. Complete failure, which occurs suddenly, is marked by 
excessive too] noise, a distinct and sudden increase in the work- 
piece diameter, and a sudden upsurge in the power and cutting 
forces which may be measured by a wattmeter or a tool-post 
dynamometer, Time to failure may be calculated either from the 
spindle speed, feed, and length of cut, or measured by the electric 
timer 

The testing procedure consists of frst determining the cutting 
speed-tool life correlation for dry cutting. This serves as a 
standard machinability reference for the test metal. The ma 
chinability of each test bar is determined on the same basis. The 
difference between test-bar machinability and standard machina- 
bility is used to correct cutting speed-tool life data observed 
with fluids under these same conditions. This procedure is il- 
lustrated in the following paragraphs by application to a specific 


7. 


example. 


Reference Machinability Curve for Dry Cutting. To establish 
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This 
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the standard machinability cutting speed - tool life curve for the 
test metal, approximately 20 tools are run to failure while cutting 
dry with the established depth of cut and feed, and using three or 
four different test pieces. Cutting speeds ranging from about 
75 to 120 sfm are selected to obtain several tool-life values through 
the 1 to 20-min range. The cutting speed, sfm, is plotted on log- 
log paper against the tool life in minutes, and the best straight 
line curve is drawn through these points, as shown in Fig. 4. 
This establishes a standard dry reference curve for the particular 
batch of test metal. 

Standardization of Each Test Workpiece. Having established a 
reference curve for dry conditions, it is next necessary to stand- 
ardize the particular workpiece which is to be used for testing 
the fluids. At the start of each new workpiece (after removal of 
seale and outer layer as previously), and at 
about each inch of the workpiece diameter, dry tests are made 
using the standard cutting conditions, and with cutting speeds 
which will result in tool failure in from 1 to 3 min, The results 
are plotted in the same manner as before, and a cutting speed- 
tool life correlation for the particular piece is drawn through 
these points, as shown in Fig. 5. Line B in Fig. 5 is the dry 
curve for bar 2, and line C is the curve for bar 1 of the particular 
test illustrated. Since it is impossible to check each test bar 
through the entire tool-life range and still have enough metal re- 
maining to test the fluid, the lines are drawn with the same slope 
as that of the standard dry reference curve unless the data def- 
initely indicate otherwise. These curves serve as machinability 
references for the particular test bars with respect to the 
average machinability of the entire batch. 

If the dry reference tests indicate that the piece is unusually 


mentioned 


CUTTING SPEED, SURFACE FEET PER MINUTE 


5 10 


TOOL LIFE, MINUTES 


Depth = 6.125 in.; feed = 0.020 in. per revolution.) 


4 Sranparp Rererence Curve ror Dray Curring 
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FE, MINUTES 
Line A, Standard reference curve for dry cutting 
Line B, Correlation curve for dry cutting bar 2 


Line C, Correlation curve for dry cutting bar 1 
Line D, Final curve for test fluid through corrected points 
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TABLE 3 


Observed with fluid 
Cutting 
speed, 


«= 
a * 
Test 
bar 


Tool life, 
Standard 


5 
5 
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TREATMENT OF OBSERVED DATA 


Corrected 
cutting 


speed, 


Test bar Deviation" sfm 


@ Deviation equals standard dry cutting speed minus test bar dry cutting speed for observed too! life. 


difficult or exceptionally easy to machine, and that dry-cutting 
speeds for a given tool life will deviate by more than about 15 
fpm from standard, the test piece and the results obtained with it 
are rejected, About 3 per cent have been rejected on this basis. 
Testing the Fluid. Under the same conditions of depth and 
feed, and with full flow of the test fluid, five or more tools are run 
to failure. Proper selection of cutting speeds ranging from 100 
to 140 sfm will spread the tool-life values through the 1 to 20- 
minute range. In testing the fluid considered in Fig. 5, the tool- 
life data in the first two columns of Table 3 were obtained. 
Usually five values are sufficient to establish a cutting speed- 
tool life correlation, but if the results appear to be erratic, it may 
be desirable to obtain additional data. Each fluid is usually 
tested on portions of two bars, the first of which has been par- 
1, and the remainder of the second 
This provides a running tie-in 


tially used with a previous fluic 
to be used in a subsequent test. 
between all tests. 

Treatment of Data. The results observed during fluid testing 
may show considerable scattering when plotted. This is due 
chiefly to differences in the machinabilities of the particular test 
bars, which may differ also from the average machinability estab- 
lished for the entire batch of test metal. Therefore the observed 
data are corrected to account for these machinability differences, 
and to put all results on a common basis. For each tool life 
observed in fluid tests, the corresponding cutting speed for dry 
cutting is determined by reference to the standard dry-reference 
curve. For this same tool life, the dry-cutting speed for the partic- 
ular workpiece is determined from its correlation curve, and the 
deviation between the standard and the test bar is determined. 
This deviation is then added to or subtracted from the cutting 
speed observed in fluid testing, depending on whether the cor- 
relation curve for the particular test bar falls below or above the 
standard reference curve. The data of Table 3 show the treat- 
ment given the observed cutting-speed values. 
cutting speeds are then plotted against the observed tool-life 
values, and a straight line drawn through these points, as shown 
in Fig. 5. This is line D, the cutting speed-tool life correlation 
for the fluid under test. 

The test tools after failure are After each tool 
failure, the shoulder remaining on the test piece is cut away be- 
fore a new test is started. This is essential, since pieces of the 
failed tool are frequently embedded in the workpiece, and if 
allowed to remain, may cause damage to the new tool at the start 


The corrected 


discarded, 


of the cut. Trimming is done with a carbide-tipped tool. 

On completing the tests for any one fluid, the oil is drained from 
the reservoir and distribution system, the lathe comnpletely cleaned 
with petroleum solvent, and a filter cartridge 
When the next test oil is put in the lathe, the first gallon pumped 
to the nozzle is caught and discarded, 

During the actual lathe-performance tests, no attempt is made 


new inserted, 


to evaluate staining, gumming, rusting, or emulsion stability of 
the fluid. While these factors may be appraised qualitatively 
during cutting, they may be measured more quantitatively in 


bench-seale laboratory tests. 


OF CORRECTED CUTTING SPEED=s 


FROM CORRELATIONS 


TABLE 4 


Average 
-~-Maximum deviation deviation, 


Sfm Per cent 


Number of 
values 


~ 


SN 


REPRODUCIBILITY 


The data of Table 4 for 11 representative tests show the maxi- 
mum deviation of corrected cutting speed for a measured tool 
life is 10 sfm, or 7.6 per cent. The maximum average deviation 
is 3.5 sfm, which is 3 per cent of the 100-140 sfm range. 


SIGNIFICANCE OF DATA 

Lathe-test results on various types of cutting fluids show that 
the test is adequately sensitive to changes in fluid composition. 
Thus, under the the tool life at 100 
sfm ranges from 3 min for dry cutting to 65 min for cutting with « 
Results for typical fluids are shown in Fig. 6 


test conditions employed, 


special soluble oil. 

and are summarized in Table 5. 

Az. 100 a M FOR VARIOUS TYPES 
ITTING FLUIDS 


Single-point turning of SAE 4340 steel, Depth of cut = 0.125 
in.; feed = 0.020 in. per revolution 


TABLE 5S TOOL +4 


Tool life, 
Fluid type at 100 sfm, min 
None. 
Mineral oil. . 
Mineral oil + EP agent 
Regular soluble oil, 10/1 e mulsion 
Special soluble oil, 10/1 emulsion. . 


Excellent general correlations have been established between 
lathe-test results and field-test performance of fluids under widely 


SURFACE FEET PER MINUTE 


NG SPEEC 


LIFE, MINUTE 


Fie. 6 Currine Sreep Verses Lire 
(Single-point turning of SAE 4340-steel; 18-4-1 cutting tool; depth 


of cut = 0.125 in.; feed = 0.020 in. per revolution; cutting fluids 
as shown.) 
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on 


varied shop conditions and types of operation, For example, in 


the lathe test, emulsions of four soluble oils (10/1 water /oil ratio) 


gave the results shown in Table 6. 


FABLE6 LATHE-TEST RESULTS FOR FOUR SOLUBLE OILS 


j 
4 Fluid A 65 

luid D 25 
q Results of extended field tests involving these fluids and in 
which practically all types of cutting operations were employed 
showed that the lathe test predicts the general performance of a 
fluid for most types of operations. Typical results of representa- 
tive tests are presented in the following: 

Tapping Cast-Iron Elbows. This operation involved tapping 
l-in. X '/;in. cast-iron reducing elbows with a bench tapper 
operating at a speed of 45 fpm. Results are shown in Table 7. 


TABLE 7 TAPPING CAST IRON 


7 Standard lathe test 


Fluid tool life Tapping 
: (10/1 emulsion) at 100 sfm, min pieces per grind 
A. 65 1700 
B 40 1300 
Cc, 29 1150 
aoa 


Threading SAE 4140 Steel. In threading of large-diameter 
bolts, a speed of about 20 fpm was used. It will be noted in 
Table 8 that the total length of cut obtained per grind using 
fluid A was 260 per cent of that obtained with fluid B. | The tool 
life obtained with fluid C was quite poor, and this fluid was re- 
jected by the shop foreman as “‘unsatisfactory.”’ 

TABLE 8 THREADING SAF 4140 STEEL 


Standard lathe test, 
Fluid tool life at 
10/1 emulsion) 


a 


Threading, 8/1 emulsions- 


100 sfm, min Cut size Pieces per grind 
4in, diam 
x 6'/s in 72 
40 2'/¢in. diam 
< 4in 32 


Not acceptable 


Villing. The soluble oils have been tested in several milling 
operations involving many types of cuts. Typical results are 
shown in Table 9. Milling of the SAK 4137 forgings was an ex- 
tremely severe operation in which 4.6 cu in, of metal were re- 
The performance of fluid A was superior not 
only in pieces per grind, but also honing the cutter between grinds, 
necessary with other fluids, was eliminated. Milling of the 1030 
steel was a relatively light operation, and similar results were 
obtained with fluids A and B. 


moved per min. 


TABLE 9 TESTS INVOLVING MILLING 


Standard lathe test, Milling, pieces per grind ——~ 
Fluid tool life SAE 4137 SAE 3140 SAE 1030 
sl 10/1 emulsion) at 100 sfm, min 12/l emul 10/1 emul 10/1 emul 
40 55 
25 170 80 


4 


The soluble oi's were tested in several 
turret-lathe setups involving tapping, turning, drilling, and thread- 
ing. Results obtained with AIST 1137 and AIST 1040 steels are 
shown in Table 10. 

Other Field Tests. Other field-test operations have included 
broaching, boring, sawing, and slitting with both ferrous and non- 
ferrous metals. 
obtain direct comparisons of the type discussed in the foregoing, 
although, in general, the field-test and lathe-test results were 


Turret-Lathe Operations. 


In these cases it was not always possible to 
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- persons of the Standard Oil Development Company 
~ Division, who have assisted them in this work 


f M. McKinney.’ 


TABLE 10) TURRET-LATHE 
Standard lathe test 
Fluid tool life 
(10/1 emulsion) at 100 sfm, min 
A 65 


rests 


Turret lathe 
Greatly improved work accuracy, 
longer tool life, machine “howl 
eliminated 


40 Superior to C 
ehh 29 Could not hold sizes; peer tool 
life; exeessive machine how! 


similar 


In some instances, particularly in operations in which 
the cutting area was blocked from full fluid flow, lathe-test  re- 
sults were not wholly borne out, 


CONCLUSION 


The effect of a cutting fluid on tool life or cutting speed in a 
single-point turning operation provides « sound method for pre- 
dicting performance under more varied cutting conditions. 
Measurements of cutting temperatures, cutting forces, surface 
finish, or work aecuracy, while of definite interest and applicable 
to specific problems, have been found to be only of limited value in 
this test procedure, 
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Discussion 


This paper is one of the most interesting 
and valuable of its sort, Its expression in common everyday > 
terms makes it understandable to a wide range of readers, 

The principle of establishing a reference-machinability curve to 


This takes into con- 


standardize each test workpiece is sound 


sideration the possibility of variation from one test piece to 
It would be of just as much interest to know if the 
author has determined the possibility of variation from one cut- 
ting tool to another. Some of the variations noted between test 


another. 


pieces might have been caused by variations in the cutting tools 


used. 

More definite information might be given on the method of 
determining the exact time of tool failure. Is it} by simple 
personal observation, by power upsurge, or by timer, and what is 
the exact moment taken as the point of failure? 


L. H. Supno.z.* 
considerable interest, and it is believed that the authors should be 
commended for their efforts in accumulating field data to support 
laboratory test results. 


The subjeet paper has been reviewed with 


This always is a very desirable approach 
but is one that cannot always be realized. The data concerning 
the optimum rate of coolant flow and the limited value of a turn 
ing-tool dynamometer for this application are particularly 
interesting 

The test method involves establishing iow tool-life values at 
relatively high cutting speeds, and these then are extrapolated to 
From these 


results the tool-life expectancy on other operations is predicted. 


obtain tool-life values at normal cutting speeds 


This method is open to question, especially when both the metal 


and the cutting operation differ from those investigated, 
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Threading tests conducted on SAE 3140 steel at normal cutting 
specds, indicated to the writer when tool Jife was plotted against 
cutting speed on log-log paper, a curve was obtained, not a 
straight line. Furthermore, at the high cutting speeds, it is 
believed that the subject method of evaluating cutting fluids 
largely measures the ability of the fluid to prevent burning of the 
tool under test conditions. In other words, it evaluates the cool- 
ing properties, without reflecting the oiliness and/or antiweld 
characteristics. In this respect, the test is similar to that used 
previously by other investigators, including Prof. O. W. Boston of 
the University of Michigan. Certain tests have shown that 
water-soluble fluids, which are quite satisfactory in turning 
operations, perform inefficiently in other operations. The 
threading of a soft ductile metal (SAE 1020), where antiweld 
characteristics are of prime importance, is an example of this 
inefficiency, 

The reproducibility of results (1-7'/, per cent deviation) is ex- 
cellent for a metal-cutting operation. Undoubtedly, the cali- 
bration of each metal workpiece by means of a dry run is largely 
responsible. Apparently, in many cases, only one tool-life 
determination was made to establish the point on the tool-life 
cutting-speed curve shown in Fig. 5 of the paper. In our investi- 
gations on threading operations, a minimum of 5 tool-life deter- 
minations per point was required in order that the data might be 
correct statistically, 

The statements made concerning the use of a dynamometer in 
this operation agree, in general, with our experience. It was found 
that the differences in tangential pressures with the use of differ- 
ent cutting fluids were insignificant, and, accordingly, evaluations 
based on these values were unsatisfactory. However, the dyna- 
mometer was of some help in establishing an end point for the 
turning test thereby insuring that the tool would not have to be 
run to complete destruction. The tool-life value was obtained by 
noting the elapsed time before the tangential pressure on the tool 
face had increased 15 per cent above that indicated at the start of 
the cut. 

In summarizing, it is believed that the subject paper is a 
definite contribution of considerable value in the difficult matter 
of devising a laboratory procedure for evaluating cutting fluids 
which will have field significance. However, it is considered 
highly desirable to develop additional information showing the 
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degree of correlation with other operations such as broaching, 
threading, hobbing, and so on, especially on the ductile metals. 


Autuors’ CLosuRE 


The authors wish to express their appreciation to Measrs. 
MeKinney and Sudholz for their kind comments. 

Variations in tool quality, as well as differences in workpiece 
machinability, certainly may contribute to variations in test re- 
sults. For a specific workpiece, the variation of any single point 
from the correlation for that workpiece may be attributed to a 
variation in tool quality. However, since these variations be- 
tween tools are random variations, the systematic differences 
noted between test logs must be due to the logs themselves. 

Too} failure was the point at which complete breakdown of the 
cutting edge occurred, and was determined by personal observa- 
tion, as described in the text. The accuracy of this method was 
checked by measuring the time to a definite power upsurge as 
shown on the dynamometer and wattmeter recorders. It was 
found that tool-life values determined by personal observation 
were within one per cent of values determined by the more 
lengthy methods. 

The question raised by Mr. Sudholz as to whether we were 
measuring only cooling properties under high-speed conditions is 
an interesting and valid one. The soluble-oil emulsions which 
we tested were all of the same dilution and had essentially the 
same cooling efficiencies. Despite this, we observed a 40-minute 
spread in tool life for a given eutting speed with these emulsions. 
This, of course, means that we were measuring more than cooling 
properties alone. Likewise, when testing nonsoluble oils (of 
closely similar cooling properties) only minor changes in fluid 
composition resulted in widely different cutting-speed—tool-life 
correlations, indicating a valid measure of lubricating, antiweld, 
or oiliness properties. 

It is true that one is treading on soft ground by extrapolating 
short tool-life values obtained at high cutting speeds to long tool- 
life values at cutting speeds practical for shop operation. How- 
ever, we have found that the method as described in the paper is 
adequately sensitive to variations in cutting-fluid composition, 
and that the conclusions which we made on the basis of the lathe 
test results were substantiated in field tests, 
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-ower Required 


by Carbide-Tipped 


Face-Milling Cutters 


By W. W. GILBERT,! O. W. BOSTON,? anv H. J. SIEKMANN® 


Fundamental data on high-speed milling were derived 
from two research projects conducted in the period 1944- 
1946, the results of which were made available by this So- 
ciety in the form of data sheets. However, these indi- 
vidual data sheets have been difficult to use because of 
their large mass and lack of correlation. The data deal- 
ing with the power requirements as influenced by the 
setup conditions when face-milling with sintered-carbide 
tools have been organized and are presented in this paper. 


INTRODUCTION 
I) RING the years 1944, 1945, and 1946 a great amount of 


data on the power required to face-mill under various 

cutting conditions were developed from two extensive re- 
search projects. The average effect of cutting variables on horse- 
power was derived after the data had been tabulated and corre- 
lated. These data are presented in a form useful for determining 
the best setup and the power required for a given cut, or the con- 
ditions of the cut which will utilize the horsepower capacity of a 
milling machine, At atime when machine tools are at a premium, 
operating them at their full capacity is essential if production 
schedules are to be met 

The research projects to obtain fundamental data on high-speed 
milling were established at the California Institute of Technology 
and the University of Michigan by the War Production Board 
through its Office of Production Research and Development, and 
the ASME) Manufacturing Engineering Committee during the 
period 1944-1946. Some of the results of these tests were 
distributed to industry on data sheets published by The 
American Society of Mechanical Engineers. These individual 
data sheets have been difficult to use owing to their large mass 
and lack of organization and correlation. 

This paper presents the data dealing with the power require- 
ments as influenced by the setup conditions when face-milling 
with sintered-carbide tools. A second paper will show the in- 
fluence of cutter design on power requirements, and a third and 
fourth paper of this series will deal with the tool life of face- 
milling cutters with sintered-carbide teeth operating under 
various conditions of speed, feed, depth of cut, cutter size and 
shape, and in a number of irons and steels. 


Meruop or Arrack 


All of the horsepower data were reduced to horsepower per 
cubic inch of metal removed per minute. A wattmeter had been 
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used to record and tare hp,, horsepower 
from which the net hp, horsepower and the horsepower at the 
cutter, hp,, were computed, Knowing the net efficiency of the 
machine at all speeds and loads, the horsepower at the cutter was 
computed from the following equations 


the gross hp,, 


hp, = hp, — hp, 


hp, = hp, X effuer 


hp, = hp, X effover 


The net efficiency of the milling machine was measured by means 
of a prony brake and for the Kearney & Trecker 511M milling 
machine used at the University of Michigan, as shown in Fig. 1, 
this net efficiency averaged 79 per cent. Tf hp, and the net 
efficiency are not known, then the over-all efficiency of hp, /hpg is 
assumed to be 60 per cent, 

The cubic inches of metal removed per minute were computed 
from the following equation 


12) 
Fdw = Nufdw = nfdw {4] 


Cu in, per min = 


in which F is feed of table, ipm; d is depth, and w width of eut, 
in.; Vis rpm of cutter; nis number of teeth in cutter; f is feed 
per tooth; D diameter of cutter; and V cutting speed, fpm. The 
unit horsepower at the cutter or horsepower per cubic inch per 
minute is 


Fdw 


Bhp, = hp,/cu in. per min = 

~ 

ae 


To determine the effect of each variable, all data were analyzed 


RESULTS OF SURVEY 


by computing the hp-/cu in. per min and plotting this versus the 
variable considered, 

Influence of Cutting Speeds on Unit Power. The effect of the 
cutting speed is shown in Fig. 2. ach of the lines in this graph 
represents the results of a series of tests in which only the cutting 
speed was varied, and even though the size of cut varied from line 
to line, the general effect was that the cutting speed had prac- 
tically no influence on the unit horsepower within the speed range 
covered, There were cases where the unit horsepower was in- 
creased as the cutting speed was increased and also cases where the 
unit horsepower decreased as the cutting speed was increased, 
All of the available data are plotted in Fig. 2 and indicate that 
when using carbide cutters at speeds above 100 fpm, there is little 
influence of the cutting speed upon the unit horsepower. 

Influence of Feed. The feed rate has an important effect on the 
unit horsepower as shown in Fig. 3. Thinner chips require a 
higher unit horsepower according to the formula 


hp,/cu in. per min = pom (6) 


This relation appears to hold reasonably well for steel, cast iron, 


and aluminum. It will be observed in Fig. 3, however, that when 
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MIPPED MILLING CUTTERS 1080 


HORSEPOWER VS SPEED 


Influence of Depth of Cut. The depth of cut causes 
little change in the unit horsepower as shown in Fig. 
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$. Although there is a slight trend for the unit horse- 
power to decrease as the depth of cut is increased, it 
is reasonable to assume that increasing the depth of 
cut causes very little change in the unit horsepower. 

Width 
of bar cut in relation to the diameter of the cutter 
causes some change in the value of horsepower. It 
the diameter of the cutter is large and the width of 
the surface face-milled is narrow, the chip thickness 
will remain approximately constant at a value of the 
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cutting the harder steels, producing higher values of unit horse- 
power, the slope of the curve of unit horsepower as a function ot 
Thin chips cut from hard steels usually 
require very high values of unit horsepower. All of the data shown 
in Figs. 2 and 3 are for various sizes of cut and cutting con- 
ditions. The corrections are discussed later. 

For the heavy lines shown which indicate averages, a value of 
uhp, for a feed per tooth of 0.010 in. for steel is 0.89 and Cy, = 0.27; 
uwhp, for east iron is 0.53 and Ce is 0.168; and for whp, for 
aluminum 0.35 and Cy, = 0.106. C will remain constant for each 
metal but values of whp, will be higher for lower values of feed 
and lower for higher values of feed for each metal as indicated 
by Equation [6]. 


feed is apt to be steeper. 


feed per tooth when the center line of the bar is on 
However, when the 
cutter diameter approaches the width of bar, the chip 
thickness will vary from zero at the entering edge of 
the bar to a maximum thickness at the center and 
An 11 per cent increase in 
unit horsepower is caused as shown in Fig. 5. 


the center line of the cutter. 


return to zero at the leaving edge 
A large-diameter 
cutter face-milling a narrow width of bar located on the center line 
of the cutter will give the lower value of unit horsepower, as the 
chip thickness is maximum. In « similar relationship, increasing 
the diameter of the cutter from 4 to 9 in. when face-milling cast 
iron caused the unit power to decrease 14 per cent as shown in 
Fig. 6. 
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UNIT HORSEPOWER vs HARDNESS of CAST IRON 
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Influence of Material Cut. Increasing the Brinell hardness of 
the work increases the unit horsepower. Other factors such as oe i 
microstructure and alloy may have considerable effect particularly ; [ 
on tool life, but for cutting forces the value of the Brinell hardness 
is considered to be a fairly good indicator of the unit horsepower as = : 
CONDENSATION OF Data 
From the previous exploration of all test data it was found that hu. 83 Unit Power Wien Face-Mituine 
the feed per tooth and the material cut had the greatest effect 
upon the unit horsepower. The = _ 
other factors such as cutting e 
speed, depth of cut, width of bar 5 
and cutter diameter, had much 6 100 
less effect for the average types of 2000 ; 
bes 20 1000 60 
7 face-milling work. The alignment 8 3 
chart, Fig. 8, shows the effect of 

"9 6000 60 
feed and material cut on the unit ooo} MT 
power. For example, when cut- 3000 1000 aa *| 
ting a steel of 250 Brinell hard- 2000} ‘al + ol 
ness number, using a feed of 0.010 8 . oF os 2 
ipt, the unit horsepower at the 2 
cutter will be 1.0. If a east iron 6 Zoos} - 
of 150 Bhn were cut with the 005 3 at? 20 
same feed of 0.010 ipt the unit a 008 } o10 2 9 3 
er min as shown in Fig. 8. ™ 
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per minute must be known to com- ot ‘i: tr 3 
pute the total horsepower de- ist 3 ry z 8 
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9, has been made to compute the 5 $ 3} | 
rates of metal cutting using Equa- a 60 2007 \ 
tion [4]. The example shown on ® 300 2 
this chart indicates that using a 
4-in-diam cutter operating at 100 500 
rpm, the cutting speed V, is 105 5 
fpm. Ifa 10-tooth cutter is used 4 
with a feed per tooth f of 0.010 % = 
ipt, the feed f’ per revolution of 2 = 
the cutter will be 0.100 in. Using 
this feed of 0.100 ipr at 100 rpm 
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found by multiplying the depth 
of cut by width of cut. In the 
example shown in Fig. 9, a 
depth of cut of 0.1 in. and a 
width of cut of 5 in. gives an 
area of 0.5 sq in. Using this 
cross-sectional area of 0.5 sq in. 
and a table feed of 10 ipm, the 
rate of metal cutting (from 
Equation [4]) is 5 cu in. per 
min as shown in the alignment 
chart, Fig. 9. 

Computing Horsepower Re- 
quirements. These data may 
be used to solve problems of 
two types. The first, to arrive 
at the horsepower hp,, de- 
livered to the motor to make a 
required facing cut and second, 
to determine the size and rate 
of cut to be taken, to fully 
utilize this capacity. 

The horsepower at the cutter 
is a product of the unit horse- 
power multiplied by the cubic 
inches of metal removed per 
minute as shown in Equation 
[5]. The alignment chart, Fig. 
10, shows that when using a 
unit horsepower of 1.0 hp,/cu 
in. per min and cutting 5 cu in. 
per min, the hp, will be 5.0 for 
a sharp cutter. If an over-all 


(Dull cutters require twice the power of sharp cutters.) 
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efficiency from power line to cutter of 60 per cent is used, the 
power to the motor hp, would be 8.4. The dulling of the teeth 
of a face-milling cutter increases the required horsepower, It 
has been found that for a flank wear of 0.030 in., an increase in 
horsepower of 100 per cent generally can be expected. This is 
shown in the alignment chart, Fig. 10, where it is indicated that 
the cutting horsepower should be twice as high for dull cutters as 
for sharp cutters. Thus, if a sharp cutter required 5 hp,, a dull 
cutter would require 10 hp, and using the same over-all machine 
efficiency of 60 per cent the motor power hp, would be 16.8, for a 
dull cutter. 

Computing Feed and Speed When Power Is Known. 
bining Equations [3] and [4], all the previous data may be con- 
densed into the equation 


By com- 


hp, = hp, + effover-at 


= material constant X Nn fdw + effoverati 


In the use of the alignment charts, Figs. 8 and 9, it is necessary 
to know the feed per tooth to obtain the unit horsepower and also 
to obtain the cubic inches of metal removed per minute. This 
makes it difficult to solve for the feed when the power is known 
In many cases the rated horsepower hp,, of the motor is known 
and it is desired to find how high the feed and cutting speed may 
be raised to use the full motor capacity. Fig. 11 is an alignment 
chart which starts with hp,. Knowing the material cut, the size 
of cut, and the number of teeth in the cutter, then the rpm and 
the feed can be found to utilize the available power as illustrated. 
The steel to be face-milled has a Brinell hardness of 230. The 
depth of cut is '/9 in. and the feed 0.010 ipt. There are ten teeth 
in the face-milling cutter and the width of cut is 5 in. Using the 
depth d of cut as 0.100 in. and the width w of cut as 5 in., the 
The rpm N of the cutter 
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is 100 and the number of teeth n is 10 which gives 1000 chips per 
min. Further, using the feed f of 0.010 ipt and the 1000 chips 
per min, an intersection with the reference line 7? is obtained from 
which a« line is drawn through the area of cut A to give an inter- 
section with the reference line L. Drawing a line from this point 
through the Brinell-hardness value for the steel gives an inter- 
section with the cutter hp line equal to 5. Therefore the net hp 
developed by this cut is 5. The gross hp would be 5 + 60 per 
cent efficiency equals 8.33 hp,. Caution should be used in 
selecting the speed and feed since high speeds may cause short 
tool life and high feeds may cause overloading of the cutters. 


CONCLUSIONS 


When considering all of the data as influencing each of the 
several factors involved in metal cutting, the following is apparent 
from the curves: 

1 Cutting speed has very little effect on the unit hp at the 
cutter 
2 The feed per tooth has an appreciable influence on the unit 
The thinner chips require a 
This 
relation appears to hold reasonably well for steel, cast iron, and 
The depth of cut has little effect upon the unit hp at 
Usually there is a pronounced effect for the very 
light cuts where the nose radius of the cutter blade becomes more 
effective. 

3 The width of the surface face-milled affects the thickness of 
the chip by reducing it in thickness at the entering and leaving 
edges when the cutter is mounted centrally over the work. 
When the cutter is large and the width of the face being milled is 
narrow, the thickness of chip remains practically equal to that of 


hp at the cutter as shown in Fig. 3. 
greater unit hp than thick chips as shown in Equation [6]. 


aluminum 
the cutter. 


the feed per tooth and the metal is removed at the highest ef- 
ficiency based on the unit hp at the cutter, For power efficiency 
the chip should be kept as thick as possible. 

1 The Brinell hardness of the material being face-milled affects 
the unit hp, the higher values of hardness producing the higher 
values of unit hp as shown in Fig. 7. 

5 Specific values of speed of cutting, number of teeth, feed per 
tooth, type and hardness of material, and so on, can be organized 
in the form of charts so as to show an interrelation. These are 
based on the specific data obtained in the many tests but using 
the generalization set forth under the influence of each variable. 
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Discussion 


K. HENRIKSEN 
as given in this paper, require some knowledge of the mechanical 


The practical applications of data, such 


efficiency of a machine tool. 
Very little is given in literature on this subject; certainly much 
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more work is required. Some general information and data are 
available and may be found useful. 


The following nomenclature will be used: ; 


total gross load, hp or kw 7 


N 
; N, = net cutting load, hp or kw 
a No = constant component of losses in machine, in hp 
or kw 
aN, 


= variable component of losses in machine, in hp 


or kw 
N, 
n= mechanical efficiency of machine 

The simplest possible case is to assume that the losses in the 

machine are constant, equal to No. Then 
[7] 

and 
N, N, No Is} 


The next case is to consider the losses in the machine as varia- 
ble, and consisting of a constant component No and a variable 
component, which is assumed proportional to the net load, and 


therefore expressed by aN. Then 
Ni {9} 
and 
N, = 
77 ~M+(+a)N, 
l ( No 
] 110) 
l+a Vo +(1 +a) N, 


In either case the curve for 7 is a hyperbola with a horizontal 
asymptote, and once this has been established, theoretically it 
can be constructed as soon as one, respectively two, points are 
known. In practice a few points should be used in either case 
for better accuracy. 

The net load can be determined by means of a prony-brake. 
To this method it can be objected that brake loading does not re- 
produce the losses in the feed motion,’ and may not even repro- 
duce the spindle load in a truly realistic manner, A better method 
is to use a cutting tool held in a dynamometer. This can also be 
applied to a milling machine. 

An estimate of the mechanical efficiency can be made by multi- 
plying values for the efficiency of the individual links in the com- 
plete power transmission, German literature gives the following 
average values: 0.95 for a single set of gears or belts; 0.90 for a 
spindle or a main slide. The latter value, of course, not only rep- 
resents the actual bearing losses; it is really a representative for 
all the losses which cannot be accounted for otherwise. 

A careful experimental determination of the mechanical effi- 
ciency of a machine tool frequently will provide some useful 
information. The writer recalls a student’s project in which 
certain spindle speeds showed a remarkably low value of the 
efficiency. An examination of the headstock showed the cause 
deflection of a pinion on an overharging shaft. 


F.W. Lucut.6 The authors have done exactly what the writer 
had planned to do over a period of time because the data in ques- 
tion still have value even though the actual work was done sev- 


®* The writer is indebted to Mr 
mark, for this criticism. 

® Development Engineer, Carboloy Department, General Electric 
Company, Detroit, Mich. 
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eral years ago. On several occasions the writer has used portions 

of the results obtained from the two research projects in question 

to assist in handling carbide milling application problems, 
However, there are several items which require clarification: 


| The term “Influence of Feed” is not specifie enough and 
should be changed to read *‘ 
is always a basic factor when analyzing milling problems. The 
term ‘feed rate’ the time is to 
be taken into consideration and actually can be construed to mean 
‘feed per minute;” in other the authors mean to say, 
“The feed per tooth has, ete.” The writer has spent much time 
and traveled many miles to appease a customer who said, “Your 
to In- 


Influence of Feed per Tooth” which 


assumes element of 


words, 


milling cutters are no good,”’ and it was cnly necessary 
crease the feed per tooth to increase the number of pieces per 
cutter grind and the customer was happy again. 

The authors’ Fig. 3 eliminates any question of doubt of the 
thought in mind, but the text should conform with it. The term 
feed per tooth should be used wherever possible in records and 
in the discussion of milling jobs because of its importance. 

2 The comment in the section devoted to the “Influence of 
Bar Width and Cutter Diameter” is true in every respect but the 
practical aspect also should be considered. Much work has been 
done with a 5 to 8 ratio for work width to cutter diameter with the 
workpiece positioned so the cutter tooth enters the workpiece 
about 20 deg ahead of center. This would give an increased load- 
ing on the workpiece toward the column on a vertical machine or 
toward the table on a horizontal machine and eliminates a tend- 
ency for vibration or chatter. 

The foregoing work width-cutter diameter ratio permits run- 
ning the cutter at increased rpm to obtain like fpm and with iden- 
tical feed per tooth will give an increased feed per minute when 
compared with that which can be obtained from the suggested 
use of large-diameter cutters. An small-diameter- 
cutter setup always will run more smoothly than a larger-diam- 
eter-cutter setup when using the same cutting speed in fpm ow- 


optimum 


ing to the increased spindle momentum. 

3. Under the heading ‘Condensation of Data,”’ the statement, 
“the effect of feed and should be changed to read, 
“the effect of feed per tooth and material, ete.” 


material” 


The authors did a commendable job in presenting the data 
thus far and the writer looks forward to their further contribu- 
tions. 


A. O. Scumipr.? The 
production shop with this full evaluation of their previous mill- 
Because of some experimental milling data and specu- 


authors are filling a great need of the 


ing tests. 
lative articles based upon them, there is still an erroneous idea in 
circulation that higher cutting speeds will always bring about a 
reduction in power requirements. It is gratifying to see that 
the milling data for aluminum has been extended to 10,000 fpm 
cutting speed. 

For application to machining practice the importance of this 
paper lies in the finding that cutting forces do not show a uni- 


Kearney & Trecker Corporation, Milwaukee, 
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7 Research Engineer 
Wis. Mem. ASME. 
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versal tendency either to decrease or increase with increases in 
cutting speed above 100 fpm but generally remain approximately 
constant for practical purposes, It is our experience also that 
and alloys behave this way. 
However, at lower cutting speeds up to about 100 fpm, higher 
Usually 
strong welding action between chip and tool which often results 
But these lower cutting speeds 
The graphical illustrations 
in this paper show clearly that it is fallacious to expect a decrease 


most steels, cast irons, aluminum 


cutting forces may be encountered. this is due to a 
in a pronounced built-up edge. 
are seldom used in carbide-milling. 


in power in milling cast iron or steel when increasing the cutting 
speed in the range from 300 fpm to 800 fpm. As long as the chip 
thickness remains the same, the horsepower will vary in direct 
proportion to the cutting speed 

For 
5 shows the variation in unit power in relation to 


There are many other interesting graphs in this paper. 
example, Fig. 
the width of workpiece, variations being due to differences in 
thickness within an individual chip. A decrease in chip thick- 
ness at one or both ends of the chip, by virtue of the geometry 
of the cut, is associated with an increase in power per cubie inch 
When the workpiece width is kept constant and the 
cutter diameter is varied, Fig. 6 of the paper, differences in unit 


of chips. 


horsepower also are due to the same cause, 

The authors deserve credit for pointing out clearly just how 
much the power may be increased as a result of dullness of the 
cutter, something which often is overlooked and the cause be- 
hind many a breakdown, It would be helpful if the 
contained more information regarding the materials milled and 


captions 


if a statement had been made in this text concerning the condition 
of wear at which the cutters were considered to be dull, since this 


point is often controversial, 


Autuors’ CLosure 
rhe authors are grateful for the many constructive comments 


made by Henriksen, Mr. Lucht, and Dr, Schmidt, 
The suggestion of Professor Henriksen to use cutting tools to 
apply the loads through dynamometers on lathes or milling ma- 
chines to determine the 
The limited availability of milling dynamometers 
and the difficulty of interpreting the intermittent high-frequency 
forces measured in two or more components often make them 


Professor 


mechanical efficiency is of course the 


ideal method. 


impractical for efficiency tests. The construction of a curve of 
mechanical efficiency versus total gross load using one point is 
questionable, particularly when the idle or 
high and varies with each speed. 
varies from 0 to an asymptotic value, the authors have found it 


tare horsepower is 
Since the mechanical efficiency 
more convenient to use the net efficiency, which stays approxi 
mately constant regardless of speed or load, 

Mr. Lucht’s suggestions that feed should always be expressed as 
inches per tooth cannot be overemphasized and his remarks are 
appreciated, 

Dr. Schmidt’s comments that tool forees may be higher at 
speeds below 100 fpm are appreciated and considered helpful. 
The tool failure a flank wear of 0.030 in., which 


generally increased the net power 100 per cent. Smaller values 


was enused by 


of flank wear caused less power increase, 
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Pulverized-Coal Gasification 


Ruhrgas Processes 


KURT TRAENCKNER,' ESSEN, GERMANY 


After reviewing briefly the situation of Germany’s gas 
demand and supply which makes it highly desirable to set 
free larger amounts of coke-oven gas by firing coke ovens 
with producer gas, the general program of research and 
development of the Ruhrgas A-G is explained. Main ef- 
forts were directed toward the development of two gas 
producers using low-grade pulverized coal or coal dust ob- 
tained from the coal-cleaning operations. The first proc- 
ess, involving gasification of pulverized coal in a vortex- 
type system, with slagged-ash removal, has reached the 
state of commercial applicability, and the results obtained 
exceed those of conventional gas producers gasifying coke. 
The second process described in some detail, the coal-dust 
pulse-jet gasifier, is in the experimental stage, but already 
has shown promising results. Further work is in progress 
to improve operations and efficiencies. 


GENERAL SITUATION OF GERMAN Gas INDUSTRY 


URING the past 25 years, gas consumption has increased 
[ renias in Germany. Since practically no natural gas is 

available and an insignificant amount of gas is made 
from residual oils, practically all the gas has to be manufactured 
from coal. A sharp increase in consumption was made possible 
by the distribution of coke-oven gas from the two main coal- 
producing areas, the Ruhr and the Saar districts. By now a major 
part of the coke-oven gas produced in the Ruhr (termed ‘‘Ruhr- 
gas’’) is piped by the Ruhrgas Company over long distances to 
industry, as well as to local gas companies. 

Net gas production in Western Germany totaled 338 billion 
cu ft in 1950. This production included 266 billion cu ft of coke- 
oven gas, representing 7% per cent of the total gas production. 
Only 21 per cent was manufactured by local gasworks. The 
Ruhrgas A-G supplied 115 billion cu ft in 1950, and a larger 
amount in 1951. The total length of the pipe lines is about 1200 
miles. 

Gas demand is increasing steadily in Germany, and at the 
present time the supply is not sufficient to meet the demand. 
All the surplus gas from coke-oven plants is disposed of, and an 
increase in gas production by increasing coke production can 
hardly be expected, because of the limited supply of coking coal 
and the lack of a market for more coke. Coking coal is already 
worked off at a much faster rate than its corresponding resources, 
Additional quantities of gas can be produced only by methods 
which do not require coking coal and do not produce additional 
lump coke, 


RESEARCH AND DeveLopmMentT AcTIvITIES OF RuuRGAS A-G 


To meet this general situation, Ruhrgas A-G started its re- 
search activities in 1936. World War IT interrupted the work 

! Assistant Director of Ruhrgas Aktiengesellschaft. 

Contributed by the Fuels and Power Divisions and presented at 
the Annual Meeting, New York, N. Y., November 30-December 5, 
1952, of Tue AMERICAN SocteTy OF MECHANICAL ENGINEERS, 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, 
October 2, 1952. Paper No. 52—A-102 
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more or less completely, but in 1947 it was resumed with in- 
creased efforts. 

The common goal of all research work initiated or planned by 
the Ruhrgas Company is to make producer gas for use as a heat- 
ing gas, synthesis gas for chemical uses, and high-Btu gas (490 
Btu per cu ft) for pipe-line distribution. Since coke-oven gas 
is the conventional type of gas distributed by pipe line and the 
distances are rather short as compared to those in the United 
States, a gas approaching the heating value of coke-oven gas is 
termed a ‘“‘high-Btu gas,’’ and its distribution is considered 
economical, The conversion of coal into gas requires high effi- 
ciencies and large capacity per unit in any case. 

The Ruhrgas Company has attacked these problems along 
different lines at the same time. Conventional gas producers, 
such as rotary-grate producers gasifying double-screened nut- 
size coke, are in operation in several plants to produce heating 
gas for coke-oven firing. However, the gas produced is too 
expensive. New methods have been investigated which will 
use cheaper fuels unsuitable in conventional producers, because 
of their size consist, their caking propensity, or their poor grade 
and high ash content. Improved gas producers making either 
better or cheaper gas have been studied, and unconventional 
methods of devolatilization with increased by-product yield, 
especially benzene, are under investigation. Some of these proc- 
esses are in the laboratory stage, others have reached the pilot- 
plant scale, and two of them are fully developed and are now 
integrated into commercial-size plants. These two processes 
are a pulverized-coal gasifier, to be described, and a modification 
of the well-known Lurgi high-pressure gas producer adapted to 
the use of bituminous coal. : 


Propucers ror Heating Gas Devevorrp 


This paper describes the development of gas producers to make 
heating gas by gasifying low-quality fuels with air, These pro- 
ducers are intended as an answer to a major problem of the gas 
industry, that of releasing for distribution the large amount of 
coke-oven gas which still is used for heating purposes only, 
With a minimum of time and capital requirement, considerable 
increases in gas supply could thus be made. In spite of the large 
share that coke-oven gas already has supplied to the market, the 
amount still being used for heating coke ovens amounts to 
172 billion cu ft per year. Most of the existing coke ovens are 
designed as so-called combination ovens, and can be switched 
readily from use of high-Btu to lean gas, Already some of these 
ovens use producer gas made from coke during peak-load periods, 
For base-load operation, however, this solution is uneconomical, 
because producer gas from coke cannot compete cost wise with 
coke-oven gas because of high coke prices. In order to release 
the coke-oven gas for pipe-line distribution, it is necessary that low- 
grade fuels be gasified, such as high-ash fine coals and dust, which 
need no preparation except possibly pulverization. Pulverized- 
coal gasification is one way to use bituminous coal of all ranks 
and types, without dependence upon the caking propensity or 
other coal characteristics. 

Fig. 1 shows the cost of raw producer gas (prior to cleaning) 
as a function of the gasification efficiency, with Btu costs of the 
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fuel as a parameter. The absolute costs given on the ordinate in 
German marks (IDM) are irrelevant for comparison with the fuel 
situation in the United States; the objective is only a comparison 
of a conventional gas producer, using coke as a fuel, with a pul- 
verized-coal gasifier, using a cheap waste fuel. If the operating 
costs themselves are assumed to be equal in both cases, the Btu 
cost of the gas produced from the dust is about 26 per cent lower 
When 


using pulverized lignite, the Btu cost of the product gas would be 


than the gas made in a conventional producer with coke. 
somewhat lower, Such « gas produced by this Ruhrgas process 
might be used for heating industrial furnaces, or to operate gas 
turbines, as well as to replace coke-oven gas for underfiring coke 


ovens 
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UEL COST, 
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GASIFICATION EFFICIENCY, 
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Advantages and disadvantages of pulverized-fuel gasification 
are too well known to require further elaboration, Gasifica- 
tion in suspension in a concurrent flow starts out with a maximum 
of solids concentration, which is increasingly depleted as the reac- 
tion proceeds. In addition, the reduction process is endothermic, 
and the resulting reduction in temperature reduces the reac- 
tion velocity. The advantage pulverized fuel offers, in the form 
of large reacting surfaces, can be utilized only if the temperature in 
the reactor is very high and if an excess of carbon is present. 

The temperature reached by the surface of an = individual 
particle depends upon its reaction velocity. Above 1800 F the 
rate-determining process is diffusion, ie., the transport of oxygen 
or reactant gas to the surface through the gas film surrounding 
the particle, Inereasing the relative velocity between the solid 
and its ambient atmosphere greatly increases the mass exchange 
and thus raises the temperature. 

\ coal particle in suspension in a gas of laminar flow has only 
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a limited relative velocity equal to its terminal velocity. How- 
ever, it is possible to increase the relative velocity by such meas- 
ures as 4 fast rotating vortex or by high-frequency pulsations. 
In the first case, the relative velocity is increased by centrifugal 
forces, whereas high-frequency pulsations cause high relative 
Both 


principles have been used in the experimental development work, 


movements by the mass inertia of the solid particles. 


and amazingly high capacities and reaction rates have been 
achieved, 


VorTEX-CHAMBER PRODUCER 


The first producer-gas process, which already has reached the 
stage of commercial applicability, is the gasification of pulver- 
ized coal in a vortex or cyclone chamber, The high heat release 
makes it possible to operate the reactor with liquid-slag removal, 
with preheating of the blast air up to 1100 F. Tapping of the 
slag in liquid phase is an essential feature of the process, since 
about 20 per cent of the fuel is reevcled in order to maintain ade- 
quate carbon concentration in the reactor. Because of the 
efficient slag removal, the recirculated fuel does not carry much 
higher ash content than the raw fuel. The process enables a 
complete consumption of the fuel. 

The sensible heat of the gas is utilized to preheat the blast. 
Special precautions are taken to avoid excessive temperatures by 
a close temperature control through gas recirculation, Further- 
more, as is usual with pulverized-coal gasifiers, a waste-heat 
boiler is designed to produce just the amount of steam required 
for driving the compressor that delivers the coke-oven gas into 
the pipe line. 
not at all sensitive. 
with » dust containing 20 per cent minus 90 microns, as with one 
containing 82 per cent minus 90-micron particle size. This fuel 
is a dust such as ordinarily results from the dedusting operation 
in Ruhr coal-preparation plants, so that no pulverization is re- 


In so far as fuel size is concerned, the process is 
Equally good results have been obtained 


quired, 

A small experimental plant of 5 tons per day capacity was 
built first, and about 200 runs have been made using a wide 
variety of fuels. Coals with ash contents up to 30 per cent have 
been tested, and no interruption has ever occurred because of a 
high fusion temperature of the ash. 

The second step was the erection of a pilot plant having a 
The calorific value of the gas ob- 
tained is equal to that of blast-furnace gas. The product gas 
made from a high-volatile bituminous coal (Ruhr) with 24.4 
per cent ash, 1.8 per cent moisture, and 30.2 per cent volatile 


capacity of 15 tons per day. 


matter had a composition of 5.3 per cent CO,, 22.1 per cent CO, 

12.6 per cent He, 60.0 per cent N., and had a gross heating value 

of 112 Btu per cu ft. Y 


COMMERCIAL PLANT 


100 TONS PER DAY 
PULVERIZED 
RECYCLED DUST, COAL, 100% 
18% 
AIR 
PREHEATING, 


10% 


SENSIBLE HEAT 
OF GAS, 7% 


LOSS, 6% 
PRODUCT 
GAS, 70% 


¢ 
- 
4 
7 
‘ 
= 
= 
4 
{ 
j 
DUST LOS LOSS, 
vm +2 SENSIBLE HEAT  SLAG,2% 
waite >, SLAG, 1% OF GAS, 55% = 
= LOSS, I7% , 
PRODUCT 


TRAENCKNER 


Fig. 2, in its left part, shows a Sankey diagram of the process 
based on a typical experimental run in the pilot plant.  Sixty- 
three per cent of the coal heating value is obtained in the calo- 
rific value of the product gas (cold-gas gasification efficiency ). 
Part of the heat is reeyeled by recirculating roughly 20 per cent 
of the carbon. Nine per cent of the total heat is recovered in the 
preheater, and 8.8 per cent is used for steam production, The 
External 
heat losses totaling 17 per cent were still very high and so were 


thermal efficiency, therefore, approaches 72 per cent. 


the dust losses (4.5 per cent), whereas the other items of the heat 
balance are within reasonable limits. Tables 1, 2, and 3 show 
some experimental results and ash and heat balances. 

A commercial plant under construction at the present time is 
expected to show decreased heat losses, and to reach 70 per cent 
cold-gas efficiency and 84 per cent thermal efficiency. 
cally this is satisfactory considering the low-grade fuel used. 


Keonomi- 


Fig. 3 is a commercial-size plant having a capacity of 100 
The pulverized fuel, together with highly 
preheated air, is introduced tangentially into the eyelone or vortex 


tons of coal per day. 
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Pie. 3) Gas Propucer 


(With preheater waste-heat boiler and gas-cleaning equipment; capacity 
100 tons per day.) 


TABLE 3 HEAT BALANCE; 


Runt 
Btu /hr 
Heat input 
Coal 1545. 44 Ib/hr 
12834 Btu/Ib 
Heat output 
P roduct gus 
SCEH 
104 463 
Steam 
1406 55 lb/hr 
Losses 
Cooling water 865399 
Enthalpy of slag 312505 
dust loss 396035 
-loss in waste water 425900 
Be ensible heat in 
gas (482/518 > 
External heat less 
(measured) 
Unaccounted for 


19834174 


12004646 


1678576 


975810 
1388012 
1696884 


Heat output, total 19834174 


Gasification efficiency 
Thermal efficiency 


chamber through six tuyéres. The liquid siag collects on the 
walls of the vortex chamber and flows continuously out of the cen- 
tral opening of the flat bottom. It is granulated by a water 
bath. The dust-laden gases are partially cleaned in a hot-cyelone 
separator before being passed through the blast preheater and the 
The separation of dust is then completed 
in a multicyclone dust collector, a washer, and an electrostatic 
precipitator. 


waste-heat boiler. 


Per cent 


100 00 


PULVERIZED-COAL GASIFICATION, RUHRGAS PROCESSSES 


PABLE | PU RIZED-COAL GASIFIC ATION, EXPERIMENTAL 
Il" 


SULTS. PILOT PLANT “WK- 
Run Run2 


Bituminous coal 
*rosper Il 


Bituminous coal 
Bismarek 


Combustible 
Volatile matter 
Ash-softening temperature, deg F 
Ash-fusion temperature, deg F 
Heating value, Btu ‘Ib, gross 
Heating value, Btu Ib, net 
Fuel size, per cent minus 30 mesh 
Duration of run 
Total hours 
Test-run hours 
Coal in Ib/hr (by weighing) 
Coal in tb/hr (by C-balance) 
per cent 4 
‘-balance figure has been used in the following ™ vat balance ) 
Air in sc 937 85810 
(some steam added 
for a short period 
Product gas in SCP /hr 
Gas analysis, per cent: 
COs 


Cas- heating ‘value, Btu/SCF, gross 
Gas-heating value, Btu/SCF, net 1 101 
Reaction-chamber cooling, Btu/hr 865000 2000 
Steam production, waste-heat boiler, 
Ib/hr 1407 1323 


Steam pressure, psig 


TABLE 2) ASH BALANCE; RUN 2 

Coal charges 

1179 5 12074.5 Ib 

36 br © 1336 lb/hr 18006 0 lb 

Total $1070 5 ib 

Percentage of 
Net tons Input Output 

Mineral matter of coal: 

Total input® 2 3 100.0 


Output: Liquid slag ‘ 
Dust in waste water. a 25 
Dust loss 23 8 


Total 2.4 100.3 100 0 


* Recireulation 44.1 lb/hr with 22.9 per cent ash content 


BASED ON GhOss HEATING VALUES 


Run 2 


Btu br Per cent 


1336 00 Ib he 


13392 Btu ‘Ib 17891712 


100.00 


1O7201 


106.067 Btu/SCF, 1880003 


1573836 


1322 77 lb/hr 


“92080 
119050 
40377 
300422 
492080 
1046526 


17801726 


Both bituminous coal and lignite have been tested in the pilot 
plant. The results with lignite were more favorable because 
of the high reactivity and the high volatile-matter content of this 
fuel. Even without recirculation of carbon, efficiencies exceeded 
those of the Winkler producers making producer gas.  I:qually 
good results were obtained with lignite char. The process, thus 
far, is very well suited for pulverized lignite, lignite char, and 
bituminous coal and has been tested fully with these fuels. 


= 
4 = 1097 
‘uel 
Mine 
‘oal analysis, per 
408 
| 
tre 
— 
Aan 
an 
il 
\/ | 
6 
‘a 
wes 
| 8 56 BS _ 
af 
| 


Puuse-Je1 Gas Pacsucen 


1098 


Another process, not yet developed to commercial application 
but which has been investigated in so far as its fundamental 
aspects are concerned, is the pulse-jet process. This process is 
based on the principle of a pulsating gas column, which first came 
to technical application during the war in the Schmidt pulse jet, 
also known as the V-1 guided missile (PJ-31). The pulse jet is 
extremely simple in design, and consists of a tube, open at one 
end and closed at the other end by a one-way valve. A fuel- 
air mixture in such a tube will burn in pulsating combustion or 
in a sequence of explosions. After the first charge is ignited, 
the combustion turns into an explosion with a sharp increase of 
pressure, This pressure closes the valve and forces the gases and 
air out of the opposite end of the tube. The inertia of the exhaust- 
ing gases causes a pressure drop to a value below atmospheric 
pressure, Thus the valves are opened again and more air as 
well as fuel is sucked in, forming another fresh charge. In the 
meantime the gas column develops a reverse motion, because of 
the low pressure in the tube, and builds up a new pressure wave 
by the inertia of the mass of air, The combined effect of pres- 
sure, temperature, and the free radicals remaining from the pre- 
vious combustion gas results in a fresh ignition of the charge and 
the combustion cycle starts anew. The repeated cycle is an oscil- 
lating gas column supe hic by intake and exhaust flow. 

This device seems to be well fitted to serve as a gas producer 
because of its simplicity, the steep increases of pressure and veloc- 
ity, and the resulting high fuel rates of about 5.6 * 10° Btu 
per cu ft per hr. Solid-fuel particles are expected to show a 
high relative velocity with respect to the rapidly o-villating gas 
molecules 

The shape of the pulse-jet tube, as it was used in guided missiles, 
could not be used for gasification purposes. These tubes were 
designed for maximum thrust, and are not well suited for the 
use of pulverized solid fuels. The valves in particular, which 
included moving parts subjected to heavy wear, had a relatively 
short lifetime, and had to be replaced by other throttling devices. 

In order to investigate the fundamentals of this gasification 
process, a number of experimental runs were made using gasoline 
as a fuel, various dimensions, shapes of the tube, 


In this way, 
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/ EFFECT OF SUCTION OF AIR 


4 Expertmentat Puise-Jet Tose 


types of valves, and siti design details were tested, and their 
influence on frequency, amplitude, fuel rate, and permissible 
fuel excess were determined. 

The first pulse-jet tube tested was 5 ft, 3 in. long, 
in. ID. The main combustion chamber was a pear-shaped 
widening of the tube having a volume of about 500 ce (30.5 cu 
in.). This tube, Fig. 4(a@), was used to study the effect of excess 
fuel, of the course of temperature in the tube with and without 
a water jacket at various tube lengths, the frequency as a func- 
tion of the tube length, and a number of other design charac- 
Some of the design features studied refer to the di- 


and 14/5 


teristics. 
mensions of slightly conical tubes, design of valves and back-flow 
throttling devices (aerodynamic various kinds, and 
reflection surfaces for the pressure waves. At various places, 
sampling probes were provided for gas sampling; frequency and 


valves) of 


amplitudes were measured by means of an oscillograph. 

It was found that self-sustaining and self-igniting oscillating 
combustion was possible if the temperature in the main combus- 
tion chamber was kept at or above 2200 F. With intensive 
that operation was 
combustion. 


water cooling, the heat losses were such 
possible only with 
rates measured were of the order of magnitude to be expected 
at the average gas velocity of the gas column in the tube at tur- 
bulent flow. From the temperature pattern it was determined 
that the reaction is terminated in the first third of the tube. 
When using an excess of fuel, only CO, Hy, COz, and No, but no Oy, 
behind the valve. The 
The pulse- 


stoichiometric Heat-transfer 


were found at a distance of 1 ft, ®/s in. 
frequency is entirely determined by 
jet tube is like a so-called closed organ pipe, open at one end, in 
which the wave length of the gas-column oscillation is equal to 
1 times the tube length. The frequency depends upon the tem- 
the molecular weight, and the ratio of specific heats. 


acoustic laws. 


perature, 
Theoretically, 


the frequency of a ‘‘closed”’ organ pipe is 


<6 


where F& is the gas constant, 7 the absolute temperature (degree 


Kelvin), g the gravitational constant, & the ratio of the specific 
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TRAENCKNER 
heats cp/c,, and / the length of the pipe. Measured frequencies 
come close to the theoretical values. 

Conical pipes having an angle of taper of up to 1.5 deg are 
equivalent to cylindrical tubes. A larger taper results in fre- 
quencies which are too high. Apparentiy, the flow departs 
from the wall prior to reaching the end of the tube, which is identi- 
cal in result with a premature reflection or a shorter tube. En- 
closing the tube by a silencer or any other means results in higher 
frequencies, partly because of higher average temperatures 
caused by combustion gases re-entering the tube rather than air, 
and partly by approaching the oscillation of a tube closed on 
both ends. 

Because of its dependency on temperature, the frequency also 
is a function of the excess of fuel. The maximum frequency was 
found with about 10 per cent excess fuel, Fig 4(b). 

The intensity of the vibration depends upon the reaction ve- 
locity and the increase in volume within the tube. Essential 
factors are the maximum temperature, which influences the 
volume and the quality of mixing prior to reaction, which depends 
upon tube design. The combustion rate may be increased greatly 
by an increase of the vibrating intensity, such as by the resonant 
vibration of the air in the inlet pipe. The effectiveness of aero- 
dynamic valves, which are without moving parts, can be im- 
proved especially by a proper choice of the length of the inlet 
pipe with respect to the pulsation in the tube. Closing in the 
tube by a larger chamber increases both frequency and intensity 
and nearly doubles the throughput. 

The dimensions of the tube likewise exert a large influence on 
the fuel rate, because of the possibilities of reducing friction losses. 
As an example, under otherwise equal conditions and at a constant 
tube length, the specific reaction rate per unit area of a 50-mm 
(2-in.) tube was increased by a factor of 1.2, as compared to a 
35-mm (1'/s-in.) tube, and of a 100-mm (4-in.) tube by a factor 
of 1.5. 

The valve design also greatly affects the intensity and hence 
the throughput. Using aerodynamic valves (backflow throttle), 
it is necessary to operate with a pressure slightly above atmos- 
pheric in the inlet pipe. 

The permissible excess of fuel is determined clearly by the re- 
quirement of a combustion temperature in the main reaction 
zone of 2200 to 2300 F. The excess, therefore, can be higher, 
if external heat losses are lower. A recovery of sensible heat by a 
blast preheater or other means makes it possible to produce from 
hydrocarbons a gas which contains only CO, He, COs, and Ne, 
and which reaches a heating value sufficient to make a pulse jet 
an economical proposition even with air, 

In switching to coal as a fuel, several design and operating 
difficulties had to be overcome, one of the problems being the uni- 
form feeding of the small quantities of coal required in each 
firing period. The solution to this problem was found to be the 
use of a rotating feeder cell, aided by some carrier gas. The 
first tests were made with lignite dust; later lignite char and high- 
volatile bituminous coal were used. Although the air should be 
preheated some hundred degrees, preheating of both the react- 
ants is not necessarily required. 

Operating with solid fuels made it necessary to redesign the 
tube, because of the heavy attack of ash, slag, and coke particles 
on the material composing the wall. Tabes with a ceramic lining 
have been used, preferably silicon carbide. Depending upon the 
temperature in the chamber, the coal ash may be released in a 
dry, semimolten, or liquid form. 

The noise produced by the intense pulsating process with fre- 
quencies of 80 to 100 cycles per sec (eps) can be silenced by adding 
an after-reaction chamber. The open end of the pulse-jet tube 
should project a short way into the silencer chamber, the diam- 
eter of which must be considera!)ly larger than the tube diameter. 
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1 GASOLINE 
FUEL EXCESS FACTOR 12 AIR 1154 SOF 


OPERATION WITH OPERATION WITH 
LIGNITE BITUMINOUS COAL 
FUEL EXCESS FACTOR 25 25 
AIR 1415 1340 


Pie. 35-MM Pu se-Jer Tone 

By trial-and-error methods, several arrangements have been 
tested, and it was found possible to deaden the noise completely 
by utilizing the added space for a continuation of the reaction, 
The product gas leaves the chamber in a continuous uniform 
flow, and can be cleaned in conventional cleaning equipment, 
The vibration intensity is slightly less with coal than with hydro- 
carbons at equal air throughput 

Fig. 6 shows a design of a pulse-jet gas producer, 
schematic drawing of a 110-mm (4'/5-in.) pulse jet designed for an 
air flow of 20,000 to 30,000 cu ft per hr roughly corresponding 
to a fuel rate of 500 to 600 Ib of coal per hr. 

The pulverized coal (or coal dust) is charged to the pulsating 
tube from a bin through a measuring device and a cell feeder, 
Air is admitted through an aerodynamic valve after being pre- 
heated by the product gas. In starting up a test run, the ap- 
paratus is first brought up totemperature by pulsating combustion 
then with pulverized 
The slag runs down the 


This is a 


with gas, and switched to operation 


coal. walls and is collected in a 
pool, from which it is removed at intervals or continuously. 
Dust that has not reacted completely is carried out with the gas, 
and is separated from the gas in a dust collector for recycling. 
The change in gas composition, and, consequently, the progress 
of carbon conversion, is determined by sampling the gas with 


With 


bituminous coal, it takes more time to reach the optimal heating 


probes located at several places along the tube length 


value; therefore the arrangement of an after-reaction chamber 
is quite advantageous. 

Results of a number of tests are available, in which the smaller 
(35-mm) tube was arranged in a manner similar to that shown in 
Fig. 5 for the larger size. Runs with the larger tube are in 
progress and data will be reported later, One of the fuels tested, 
a Rhenish lignite, sized in the range of 0 to 1 mm (up to 18 mesh) 
had an analysis as follows: 5.7 per cent ash, 11.5 per cent mois- 
ture, 56.6 per cent carbon, 4.1 per cent hydrogen, 20.8 per cent 
oxygen, 0.7 per cent nitrogen, 0.6 per cent sulphur, and had a 
heating value of 9630 Btu per Ib. With this coal, the best result 
obtained with air preheated to 750 F and fuel temperature of 400 F 
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in a 35mm. silicon-carbide-lined tube*%was a gasification effi- 
ciency of 63 per cent and a carbon conversion of 93 per cent. 
The heating value of the gas was 107 Btu per cu ft, and the gas 
contained 10 per cent CO:, and the remaining solids, about 8 
per cent, had an ash content of 24 per cent and an efficiency of 
66 to 67 per cent could be reached. Lignite char ean be gasified 
with the same efficiency as the lignite itself, 

When using « high-volatile bituminous coal, the range of 
particle size must be smaller, no larger than 0.3 mm, or a maxi- 
mum size of 50 mesh. A coal with 3.2 per cent moisture, 14.6 
per cent ash, 31.7 per cent volatile matter, 50.5 per cent fixed 
carbon, 67.2 per cent carbon, 4.45 per cent hydrogen, 6.1 per 
cent oxygen, 1.75 per cent nitrogen, 2.7 per cent sulphur, and a 
heating value of 12,456 Btu per Ib gave a gasification efficiency 
of only 36 per cent (once through), a earbon conversion of 62 
About 5 
per cent of the heating value represented in the gas was admitted 


per cent, and a gus-heating value of 87 Btu per cu ft 


The external heat losses of the tube, however, 
Measurements 
have shown that the reaction stops at about 2550 F; in other 


us preheated blast. 
turned out to be somewhat greater than that, 


words, with bituminous coal the temperature level must be kept 
at least 360 deg F higher than with lignite 
results with bituminous coal are by no means final. 


These relatively poor 

At present, 

experiments are under way with a producer, built entirely from 

ceramic materials, which has a tube diameter of 35 mm, and also 


pulse-jet tube with ceramic lining. It has been 


shown that much better results can be expected with larger tubes 


with a 


and decreased heat losses, 


Forure Work PLANNED 

So tar, only producer-gas tests using air blast have been men- 

tioned, However, it is obvious that the same principles can 

be used in making synthesis gas or water gas by operating with 

oxygen-steam blast, and the results would be expected to be 

better because of the increase in concentrations of the reactants. 
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(Diagrammatic sketch of a 4!'/s-in-ID pilot plant 
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Tests with oxygen-steam blast are scheduled as soon as the pro- 
Other 
are also under consideration at Ruhrgas and some are in or past 
the pilot-plant stage, including the high-pressure gasification o! 


ducer-gas program approaches completion. processes 


bituminous coal. 

The problem of producing gaseous fuels and synthesis gas for 
a number of important industrial products such as ammonia, 
liquid fuel, rubber, chemicals, and so forth, using coal as a basie 
Not only 
do many countries have adequate supply of this raw material, 


material, is of great interest throughout the world, 
the deposits are mostly of such an order of magnitude that suffi- 


cient supply is insured after other sources may be greatly de- 
pleted. 


RK. C. Corry? J. JonAKIN.? We are interested particularly 
in the pulverized-coal-fired vortex gas producer described by the 


author, since it has some of the features of gasification reactors 
under study in this country in connection with the production 
of carbon monoxide and hydrogen, It is disappointing, however, 
that the author gave so little description of the construction of 
the vortex gasifier, its performance under various operating con- 
ditions, and the operating problems encountered. 

One infers from the paper that no refractory difficulties were 
encountered. Since much of the development work in this 
country with oxygen-steam, blown gasifiers has been devoted 
to means for avoiding damage to refractory by coal-ash slag, 
and the problem is still not solved completely, it would be of 
interest to know the type of refractory used by the author, if 

2? Chief, Coal Branch, Region VIII, U 
burgh, Pa. Mem. ASME. 

‘Chemical Engineer, Combustion Research Section, Coal Branch, 
U.S. Bureau of Mines. Pittsburgh. Pa 
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water cooling was employed to extend the life of the refractory, 
and the design and arrangement of the coal tuyéres. 

The two tests described by the author ran for 24 and 56 hr, 
respectively. It would be of interest to know if the author 
conducted any tests for much longer periods, since the opera- 
bility of the unit can be determined only by such tests. 

The author’s statement, “Above 1800 F, the rate-deter- 
mining process is diffusion. . .,”’ is highly debatable since a con- 
siderable amount of the kinetic studies of carbon oxidation 
suggest much higher temperatures at which diffusion becomes 
important. 

We believe the choice by the author of a vortex-type reactor 
for suspension gasification was sound. A detailed process-varia- 
ble study of a vortex unit by the U. 8. Bureau of Mines,‘ in con- 
nection with the production of CO and Hz, has clearly demon- 
strated the operability and the economics, from the standpoint 
of coal and oxygen consumption, of the vortex principle. 


L. D. Scumipt.6 The author is to be congratulated for a 
most interesting paper. In this country there is no general 
shortage of 500-Btu per cu ft heating gas such as that which 
gave impetus to development of the producer-gas generators 
described in this paper. No doubt there are many places in 
this country where low-cost conversion of coal dust to producer 
gas would be profitable. 

With regard to the vortex-chamber producer, quick comparison 
of the results given with those obtained with the Bureau of Mines 

The Babcock and Wilcox gasifier at Morgantown, W. Va., indi- 
cates a 17 per cent higher oxygen-to-carbon ratio for the vortex 
at a given per cent carbon gasification. The difference may be 
due to the fact that the Morgantown gasifier operates on 
oxygen instead of air. 

The authors have omitted all reference to dimensions or volume 
of their gasification zone in the vortex, and no data are given on 
pounds of coal gasified per cubic foot per hour, Therefore 
the question arises whether or not these throughputs are high 
enough so that water-cooled walls can be used instead of refrac- 
tories without encountering excessive heat loss per pound of coal 
gasified, 

If a refractory lining must be used to avoid excessive heat loss 
some statement on refractory life under those severe conditions is 
desirable, 

The vortex was operated with a recycle of about 20 per cent 
of the carbon. It would be interesting to know the effect on 
carbon gasification and thermal efficiency if this recycling were 
eliminated. In our work at Morgantown we have found that the 
dry recovery of residue from the make gas was troublesome and 
not worth while under our conditions. Use of water-washing 
was much easier, and the losses due to elimination of carbon 
recirculation proved to be small. 

With regard to the pulse-jet producer, the data given parallel 
our experiences at Morgantown with a somewhat similar pulsat- 
ing gasifier operating on oxvgen and steam. Of course, using 
oxygen instead of air, our conditions were more severe and re- 
fractory life presented a greater problem. 

The data on both gasifiers constitute a real contribution to 
the art of coal gasification, and Ruhrgas and the author are to be 
congratulated on these large forward steps. 

‘ “Gasification of Pulverized Coal With Oxygen and Steam in a Vor- 
tex Reactor,"’ by M. A. Elliott, et al., Industrial and Engineering 
Chemistry, vol. 44, 1952, pp. 1074-1082 

§ Chief, Synthesis Gas Branch, U. S. Bureau of Mines, Morgan- 
town, W. Va. 
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AUTHOR'’s CLOSURE 


In our experimental runs the main problem has been to avoid 
corrosion on the walls of the reaction chamber in so far as possible, 
When cooling the wall by means of studded cooling coils covered 
with plastic SiC — as usually is done in boiler practice — a protec- 
tive slag coating was formed in the course of the run and thus the 
difficulties were overcome. Furthermore, cooling was accom- 
plished by applying an SiC brick lining which was not too thick, 
In the vortex pilot plant, more effective cooling of the main re- 
action chamber was accomplished up to 3 ft 3 in. by applying a 
narrow wrapping around the cooling coils, whereas in the lower 
part (3 ft 3 in. as well) of the adjacent shaft it was less effective 
because a wider wrapping was used on the cooling coils. In the 
commercial plant this cooling forms part of a waste-heat-boiler 
system, 

Many runs have been made with the vortex pilot plant. Since 
there was no use for the generated gas in the research station, 
these runs, some of which extended to 100 hr, were carried out 
only for a limited time 

In the paper, 1800 F was stated to be the transition tempera- 
ture at which the reaction velocity begins to be controlled by a 
diffusion process through the gas film surrounding the carbon 
particles. This statement is too general and may lead to mis- 
understanding. By and large we may say that at temperatures 
not too high the first step of the reaction will form CO, which in 
a second step will be reduced by excess of carbon to CO. Up to 
temperatures much higher than 1800 F the reduction velocity 
will be much slower than the combustion rate of all kinds of car- 
bon. At the temperature mentioned (1800 F) the combustion 
rate of all kinds of carbon will be controlled by diffusion step in 
the gas film. The gasification reaction C + CO, = 2CO will be 
controlled by this diffusion step at much higher temperatures, 
presumably 2400 to 2000 F, depending on the reactivity of the 
carbon gasified 

Referring to Mr. LL. D. Schmidt's question, the following is 
offered: 

The inner diameter of the main reaction chamber of the vortex 
pilot plant is 2 ft 8 in., the fuel being injected through four tan- 
gential tuyéres together with preheated air. At the 3-ft 4-in. 
level about 80 per cent of the gasification reaction is ended, 
Taking this as the gasification chamber the specific fuel through- 
put in the vortex pilot plant is 1,000,000 Btu per cu ft per hr. 
The specifie gas-production rate of this zone is around 500,000 
Btu per cu ft per hr. To this main reaction chamber a shaft of 
some 23 ft is connected in which the reaction is completed slowly 
increasing the heating value by 15 to 20 per cent, 

The main gasification chamber of the commercial plant to which 
a %-ft 10-in, shaft is to be connected will have a diameter of 6 
ft 7 in. The steam generated in the cooling system of the com- 
mercial plant will be used to compress the coke-oven gas set free 
to pipe-line pressure. If the gasification with air leads to a com- 
plete gasification of the fuel, the dust recirculation can only be 
abandoned when using highly reactive fuels, e.g., lignite or 
lignite char with a low content of volatile matter. In our ex- 
perience, when using bituminous coal, the dust recirculation is 
prerequisite for complete fuel gasification and the production of 
a suitable gas with a low content of COs. In this ease it ‘s quite 
possible to semarate the excess coal dust in a dry state and to 
recycle it. The dust loss in the commercial plant will be only 1 
per cent of the coal fed, 

Finally, the author wishes to express his thanks to Mr. W. 
Gumz for his aid in converting the results into American units, 
translating the paper, and presenting it to the Society. 
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CHARLES DIEHL,? H. S. BLUMBERG,’ 


Inert-gas arc welding of pipe and other weld-root beads 
supplemented by inert-gas inside shielding has improved 
greatly the deposited-metal quality and degree of pene- 
tration, but requires superlative operator skill to achieve 
reasonably uniform results. The process which is the 
subject of this paper through precise control of technique, 
physical dimension, and internal-shielding gas pressure, 
provides assurance of complete penetration, uniform root - 
bead inside surface free of undercutting, and desired de- 
gree of root-bead reinforcement, with only average opera- 
tor proficiency. This process of controlled contour- 
shielded root welding designated as ““K-Weld,” has been 
applied successfully to 9'/;in OD X 1°/,; in. wall Type 347 
austenitic utility main steam lines, and other difficult 
applications. 


INTRODUCTION 


“N INCE the inception of fusion welding, its application to the 
joints of small-diameter cylinders or otherwise inaccessible 
interior surfaces, so as to be of a quality comparable in all 

respects to double-V welds, has remained a major problem. 
With oxyacetylene welding the exceptional operator is able to 
maintain significant but not complete control of penetration; 
with electric-are welding it has been necessary to resort to chill 
or backing rings for reasonable assurance of a complete weld. 

With the introduction of nonconsumable-electrode gas-shielded 
are welding, the superior operator control afforded by gas welding 
and the higher heat input and concentrated he@’ energy of arc 
welding are realized simultaneously. Inert gas further provides 
the molten and hot-metal protection against the atmosphere, 
and gases released during welding. With the application of con- 
ventional inert-gas shielding to the interior surface of the root 
bead, complete welds essentially free of oxide are achieved, and 
with outstanding operator skill reasonably complete penetration 
can be attained without backing rings. Maintenance of this 
level of performance, however, involves operator physical strain. 
Nondestructive examination is of limited usefulness in detecting 
lack of penetration. 

By the precis contro! of technique, physica] dimension, and 
auxiliary shielding gas pressure, K-weld with average operator 
ability produces root welds of assured full penetration and con- 
trolled contour, uniform root-bead surface free of undercutting, 


! This paper is presented in response to many requests for a de- 
scription of this process, as a result of its brief mention in the Piping 
and Metallurgical Section of the Edison Electric Institute—Prime 
Movers Committee Report for 1952. In this initial paper, general 
information is presented to acquaint industry with this process, and 
its potential applications. It is planned in the future to present ad- 
ditional papers giving greater detai!s and specific applications. 

? Welding Development Engineer, The M. W. Kellogg Company. 

' Chief Metallurgist, The M. W. Kellogg Company. 

4 Welding Engineer, The M. W. Kellogg Company. 

Contributed by the Power Division and presented at the Annual 
Meeting, New York, N. Y., November 30-December 5, 1952, of 
Tue AMERICAN Society OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, 
November 18, 1952. Paper No. 52—A-141. 
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and the desired degree of root-bead overlay, without the use of 
backing rings. This process has been applied successfully to 
the difficult fabrication of 9 '/, in. OD X 15/, in. wall austenitic 
Type 347 utility main steam pipe lines for 1100 F and 2350-psi 
service, and other involved applications, and is effective not only 
on pipe welds, but also on many fabrication operations on other 
pressure equipment. 


MeTALLIC AND NONMETALLIC Backups 


Many types of backups for the inside of pipe or otherwise 
inaccessible joints have been employed in order to secure complete 
welds from one side. Three general classes have been used 
which are conventional] metallic, conductive metallic, and non- 
metallic backing rings. Nonmetallic variations are granular and 
molded ceramic backups, and water-soluble premolded chemical 
types, and also backups applied as a plastic mix, such as plaster 
of Paris. Conductive-metal backups may be of solid-copper cross 
section or of water-cooled copper construction, serving to chill the 
molten deposited metal without fusion. 

With conventional metal rings the root bead normally is 
fused to the ring and both members of the joint, and many de- 
signs have been employed. The open or split-ring type usually 
curved to a radius somewhat larger than the inside diameter of 
the pipe and intended to snap into place, is widely employed on 
unmachined pipe joints. Solid backing rings include cylindrical 
and tapered cross sections; many open and solid rings have special 
features to the gap. reasonable fit to 
backing rings it is necessary that the inside of pipe be machined, 


control] root For a 
since it is manufactured with controlled outside-diameter dimen- 
sions so that all variations in wall thickness affect the pipe inside 
diameter. Opinion varies as to whether backing rings should be 
an extremely tight fit, or a reasonable fit to minimize root-cracking. 

A great amount of conventional piping is welded without back- 
ing rings or other precaution to insure complete penetration. 
No doubt this is due in part to the existence of considerable opin- 
ion that the blind weld root attendant to backing rings consti- 
tutes a problem equal to lack of penetration, The ASME 
Unfired Pressure Vessel Code allows the same joint efficiency for 
a weld deposited from one side against a backing ring as for a 
double weld. However, paragraph P-112 of the ASME. Boiler 
Code no longer makes the use of backing rings mandatory, in- 
stead specifying where single-welded butt joints are used, that 
they be the equal of a double-welded butt joint, with complete 
penetration. 

For critical service, experience with pressure equipment over 
the past quarter century has established the importance of sound 
deposited metal with smooth surface contour, 
other covered 
fluxes are effective in protecting the deposit against oxidation; 
the resulting slag must float to the surface to 
accomplish this, the reverse side of the weld is exposed to the 
With double welds this oxidized deposited metal 
is either removed by back chipping or obliterated by fusion in 


free of cracks and 


discontinuities. Present-day electrodes and 


however, since 


atmosphere. 


depositing the reverse side weld, 

With the use of a backing ring, a blind root weld results with 
incipient flaws on each side of the root bead which may propagate 
either as a result of the thermal effects attendant to subsequent 


- 
‘ 


— 


1104 
layers, or with yielding or creep resulting from sustained loading 
or due to eyclie or sudden changes in 
Fig. 1 shows a typical backing ring in 
carbon steel in which the pipe ends and backing ring are machined. 
In the right-hand view it will be noted that the intersection of the 
backing ring and fusion zone is propagated upward as a crack, 
Fig. 2isa 100 micrograph of this crack. Fig. 3 is a macrograph 
of a weld joint at X7.5 in 6°/, in. OD X 0.718 in. wall, Type 347 
piping. Cracks at the bottom of the root clearly 
apparent. Three cross sections from the same weld are shown in 


at elevated temperature, 
temperature or pressure. 


bead are 


Fig. dat ¥1.5 in which varving degrees of root-cracking are pres- 


CONVENTIONAL Backine-Ring Wetp-Root Crack 


(Root-crack junetion of heat-affeeted zone and weld metal 
100.) 


Nital etch; 


6°/5 In. 


Backine-RIng 
347 Pirk; X7.5 


Root-Beap Cracks IN 
In. Wate Tyee 


Fie. 3 


has occurred at this joint extending 
unrelated 


ent. Note that failure 
through a tack weld and the base metal, apparently 
to root-cracking. Thus the attachment of backing rings to the 
inner pipe surface by tack or continuous welds may initiate 
cracks in service, 

Further disadvantages attendant to the use of backing rings 
ire additional pressure drop, particularly where the ring is dis- 
torted appreciably, accelerated corrosion created by loeal tur- 
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oT-Beap Cracks tN Backtnc-Ring WELD; 


Fic. 4 Re 65/, In. X 


0.718 In. Wait, Tyre 347 Pier; 
bulence, or a pocket for the collection of corrodents, and plugging of 


valves, and so on, as possibly fragments might become detached. 


SHIELDING or WELDS 


The protection of molten and high-temperature solidified 
deposited metal has been a primary consideration in the improve- 
ment of weld soundness, and quality. Present-day fluxes or 
yas shielding assure complete freedom from oxidation of entire 
welds with the exception of root beads or passes, These reverse 
surfaces are not protected by the resulting slag which to avoid 
entrapment must float to the surface; similarly, shielding gas is 


in contact only with the weld surface adjacent to the operator 


> 
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The use of gas for shielding is of long standing, and not confined 
to fusion welding. Thus the blacksmith in heating preparatory 
to hand-forge welding, submerged the parts in the hot coke bed 
to exclude active contact with the atmosphere during the appre- 
ciable time required to reach forging temperature. Illuminating 
and water gas were used for the protection of surfaces being ham- 
mer-welded more than 40 years ago, and also have been in lengthy 
use on electric-resistance and flash welds, particularly on large 
cross sections. More recently natural gas has been similarly 
employed. Hydrogen has been used both for shielding and in 
the atomic-hydrogen welding process where it concentrates the 
heat input at the edge of the are 

The first use of gas for inside or back shielding is not docu- 
mented, to the knowledge of the authors. Where accessible, back 
chipping or obliteration by the fusion of reverse side passes is 
used to eliminate oxidized metal. For inaccessible root beads, 
back shielding usually has been employed for protection against 
oxidation only for critical assemblies, or for repetitive quantity 
operations for parts subjected to exacting service. 

l-conomic justification for back or inside shielding is significantly 
increased when the elimination of backing rings is achieved, 
and is further supported by improved quality where undercutting 
and other discontinuities are absent, and a more uniform weld 
surface attained. 


VARIABLES IN OPERATOR CONTROL OF PENETRATION 


With oxyacetylene or other fuel-gas welding, the operator is 
afforded independent control of heat input and metal deposition; 
accordingly the uniformity and degree of penetration is related 
to individual skill. 
companies abandoned the use of backing rings in favor of an oxy- 
acetvlene-deposited root bead; however, it has been demonstrated 
that assurance of reasonably complete penetration and absence 
of drip-through is assured only by superlative operator skill. Also 
there is the possibility of gas absorption by the hot weld metal, 
carburization, or grain growth, and a wide heat-affected zone. 

To secure the advantage of higher temperature and attendant 
speed of the electric are along with the controllability of oxy- 
acetylene, electric processes separating the functions of heat in- 
put and metal addition have been introduced such as the carbon 
For exclusion ot 


Some vears ago at least two eastern utility 


are, and later the nonconsumable metal are. 
the atmosphere from the molten and hot-metal surfaces, non- 
oxidizing gas atmospheres have been used. With atomic-hy- 
drogen welding, the hydrogen gas serves both as a shield, and in 
augmenting the heat release. The drawbacks are that hydrogen 
may be absorbed by the weld metal, and explosive hazard due to 
leakage. Inert gas, helium, argon, or mixtures of these gases, are 
commonly used and the so-called “‘inert-gas are process”’ in both 
manual and automatic form is applied increasingly to difficult 
tubrication; in particular, hard-to-weld materials such as alu- 
minum, superalloys, or extremely thin sections of air-hardening 
steels such as SAL 4140. 
on overlay or top weld layers, where undercut is minimized or 
eliminated. For the process which will be described in the next 
section, for control of penetration inert-gas-shielded-are welding 
is applied to the root bead. The remainder of the weld may be 
completed either with this same process, or, in the interest of 


It is also particularly advantageous 


economy, with metal-are welding. 
Process 


Successful experience with the conventional inert-gas-shielded- 
are process has led to the additional employment of inside inert- 
gas shielding with further improvement toward the elimination 
of root-bead cracking, particularly on austenitic stainless steels. 
With highly skilled operators satisfactory pipe welds are ac- 
complished without backing rings. Unfortunately, incomplete 
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penetration is not necessarily detected by available nondestructive 
examination, the sensitivity of x-ray interpretation for this 
purpose decreasing with increased pipe-wall thickness, On ferritic 
materials magnetic-powder examination is similarly limited 
Lack of penetration, even of minute dimension, leaves that ares 
of the inside pipe surface interrupted by sharp notches, 

Intensive effort has been directed toward overcoming these 
difficulties and securing reliable full-penetration welds without 
backing rings, while retaining the full benefit of inert-gas are 
welded root beads, fully shielded on the inside surface with inert 
gas. Extensive study of weld-groove details, technique, and 
shielding gas pressure has evolved the process of controlled- 
pressure root-bead welding designated by the abbreviation 
“K-Weld.” With this process full penetration is secured con- 
sistently without demanding more than average ability of the 
operator, and employs standard nonconsumable-electrode weld- 
ing equipment. In fact, it has been demonstrated that satisfac- 
tory penetration is secured by welding operators selected at 
random using the K-Weld process for the first time. Control of 
pressure and physical dimensions replace the high degree of 
human skill required by conventional methods, with consequent 
freedom from physical strain on operators attendant to extremely 
exacting execution of welds. 

In addition to complete penetration, pressure control regulates 
the inside surface contour of the root bead. The selection of 
pressure, weld-groove dimensions, and welding-machine setting 
are dictated by the material analysis involved, and are not 
affected by the wall thickness, Fig. 5 presents the general form 
of groove employed in the top detail, while the sketches below 
show the convex, flush, and concave weld-bead contour obtained, 
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Fig. 5 


Typicat Groove Root-Beap 


respectively, with relatively low, intermediate, and high pres- 
sures. Fig. 6 shows cross sections of root beads in 5 in, Schedule 
80 carbon-molybdenum pipe arranged in the same order as the 
preceding figure. Note the smooth flow of the inside bead surface 
into the parent metal without any evidence of undercutting. 
Codes and specifications commonly require an overlay, so that 
the convex contour will be most common; the flush contour 
would be advantageous where erosion, pressure drop, or necessity 
for complete drainage is a factor; the concave contour ordinarily 
is avoided since the weld strength is reduced. 

The pipe ends are preferably counterbored to an inside diame 
ter of the same tolerance normally applied to joints on which 
machined backing rings are used. The lip thickness should be 
concentric with the counterbore, and of reasonably uniform 


thickness. The pipe ends are aligned and butted, and while it 
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Fig. 8 Generat ARRANGEMENT OF A Typical Gas-CHAMBER FIXTURE 


is not necessary that the lip faces be pressuretight, it is required 
that the space between the lip faces be close enough to obtain the 
pressure desired. Gas-chamber fixtures of which Fig. 7 and de- 
tail in Fig. 8 are typical are inserted into the pipe as indicated in 


Fig. 9, serving to confine the shielding gas. A period is allowed 
for sufficient flow to displace the contained air with inert gas, 
following which the pressure is controlled closely at the desired 
level. Referring to Fig. 8, the general arrangement is evident for 
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lyre 347 Root-Beap INstpe 
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STEEL 


‘otated downhand welding. The root bead is deposited with the 
wdinary heliare technique with a fairly uniform advance. While 
the next pass may be deposited with !/s-in-diam coated electrode, 
t is preferable to use */y-in-diam coated electrode to insure 
igainst inadvertent burn-through, and also because of the 
1arrowness of the groove at that level. The internal fixtures are 
emoved, and the weld is completed by any conventional fusion 

The mechanism underlying this process is to provide the con- 
rolled deposited metal in its initial period of solidification and 
ubsequent cooling with support, in such degree as to form the 
lesired contour, Fig. 10 shows the inside surface of the root 
ead on a 68/5 in. OD X 8/32 in. wall, Type 347 pipe weld, and is 
typical of a weld made with low chamber pressure, Note the 
complete absence of undercut typical of all K-Weld root beads 
Fig. 11 shows the inside surface of the root bead on 65/,in. OD X 
*/» in, wall carbon-molybdenum steel pipe welded with inter- 
mediate chamber pressure; note the bright appearance of the 
weld metal and heat-affected zone resulting from the influence of 
the shielding gas. Fig. 12 is a macrograph at 5X of the cross 
section of a 5in, OD X *'/, in. wall carbon-steel-tube weld made 
with intermediate chamber pressure. 

Fig. 13 shows the inside surfaces of two longitudinal welds in 
I'/. in. OD & 0.044 in. wall, Type 347 tubing. Both welds were 
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347 piping representing specimens which were taken from fixed 
vertical and fixed horizontal welding positions. Figs. 17 and 
18 show guided side-bend and root-bend tests for this same 
piping welded in horizontal and fixed vertical positions. Note in 


Unshielded 


Pig. 14 Comparison or Instpe Surraces Girta ix Fie. 16 Reverse-Benp Tests 
Senepute 120 C-Mo Piping in. X in. wall, Type 347 


=~ 


TEST 
Fic. 15 Tests From In. * In. Type 304, Cr Ni, K 


made by inert-gas welding, the one on the left without inside 
shielding and the one on the right with inside shielding under 
controlled pressure. The effect of the inert gas in shielding is 
clearly apparent, as well as the unusual uniformity and com- 
plete absence of undercut of the pressure-controlled weld. Fig. 
14 is a comparison of the inside surfaces of two girth welds on 
6-in. Schedule 120 carbon-molybdenum steel piping. The weld 
in the upper view involves internal shielding and pressure con- 
trol, both of which were omitted in the weld of the lower figure: 


again note the uniformity and absence of undercut of the pres- p Stpe-B lia-B STS 

sure-controlled weld, sin. X in. wall, Type 347, horizontal position.) 
This process is used for welding in all positions, downhand, 

vertical, horizontal, and overhead. 


Test 


The weld quality obtained by this process easily meets all 
x-ray, physical, and mechanical requirements of the ASM& 
Boiler Code, and other codes and specifications. Tensile, bend 
impact, and torsion tests have demonstrated excellent properties 
and in combination with micro and macro examination show no 
tendency for crack formation, or undercut at the edges of the 
inside bead, Fig. 15 shows guided root-bend, side-bend, and tor- 
sion tests in Type 304 6°), in. OD & %/ in. wall piping. Fig. 
16 shows two reverse-bend tests in 6°/,in. & ™ in. wall, Type 
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Fie. 20 


particular the specimens which have been flattened complete 
with no evidence of failure. Fig. 19 represents root and sid 
bend tests from the same piping except that the material is in th 
as-welded condition. All of these test specimens conform com- 
pletely to all ASMIc Boiler Code and customer specification re- 
quirements without any evidence of failure. All root beads are 
“as-deposited ;’’ only the corners of the specimen are relieved. 

Fig. 20 is a X3 macrograph from 9'/. in. OD X 1 °/s in, wall 
Type 347 forged and bored pipe showing the lower half of the full 
cross section of the pipe. The excellent contour of the root bead 
and penetration into the base metal are clearly apparent. These 
specimens are from a utility main steam line designed to operate 
at 1100 F and 2350 psi. 

Fig. 21 represents the inside eross section of 5in. OD & '/, in. 
wall carbon-steel tubing at 100, and Fig. 22 shows a similar 
location in 6°/s in. OD X in. wall, Type 304 material at. 100. 
At this high magnification the smooth blending of the weld and 
base-metal contour is seen, with complete absence of undercutting 
or other surface discorrtinuity. 


PRODUCTION APPLICATION 


From the information already presented it will be seen that this 
process is not limited to girth welds in piping, longitudinal welds 
being shown in Fig. 13. Its use is particularly adapted and sig- 
nificant on the through welds at branch connections and, in 
general, it may be applied to any through weld on piping, small 


pressure vessels, or other pressure equipment. It is useful as a 


INTERNAL-CONTOUR SHIELDED-ROOT WELDS 


1100 


< 100 


PLAIN-CARBON STEBL; 


Cross Section or K-Wexp, In. X */ In. 
Wats, Type 304, 18Cr, 8N1 


INSIDI 


substitute for double-welded joints since the ability to complete 
welds from one side is of advantage for operator comfort where 
high preheat or hot weather is involved, and may be further 
attractive for economic considerations, On larger pressure ves- 
sels and similar applications special fixtures are involved to 
minimize inert-gas consumption; however, such equipment is not 
expensive and can be adapted easily to a reasonable range of 
diameters. 

This process is applicable to any metal or alloy which can be 
fusion-welded, as indicated by uniformly successful results with 
the more difficult and varied applications to which it has been ap- 
plied. In fact, the entire development of this process has been 
associated with the welding-fabrication problems of our production 
and special projects departments and in every case it provided a 
successful solution. Consistent elimination of cracks and under- 
cutting was achieved on SAK 4130 extremely high-strength 
rocket-motor shells in which the heat-treatment after welding in- 
volved a drastic quench, In particular it has proved useful in 
eliminating the root-cracking associated with austenitic welding 
and provides a completely satisfactory fusion weld for fired serv- 
ice in furnace and superheater tubes, and for welds in extreme 
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erosive service, such as fluid-catalyst transfer lines. To date, 
successful results have been accomplished on all of the tubing 
ind piping materials used for power, oil-refinery, and chemical- 
lant service. These include the various grades of carbon and 
‘arbon-molybdenum steel, chromium-molybdenum steel, and 
wustenitic steels. Welds also have been accomplished in nickel, 
Monel, inconel, and copper. For the latter material this process 
eems particularly useful in view of the difficulties heretofore 
encountered; it also should be admirably suited to the welding of 
titanium. 

As an illustration of an unusual application, Fig. 23 involves 

welding of 1-in. 12-gage carbon-steel condenser tubing 
to provide the length required for hairpin-shaped tubes. Owing 
o the length of tubing available, it was necessary that the weld 
in the bent portion which is required to be curved to a 2-in. 
adius. No heat-treatment was necessary and all bends were 
accomplished successfully without any failure. The illustration 
shows a cross section through the curved portion of one of these 
bends. 

Fig. 24 shows the application of this process to the welding of a 
utility main steam line involving 9'/2 in. OD X 15/s in. wall, Type 
347 forged and bored pipe which is designed to operate at 1100 F 
and 2350 psi. Three large-sized installations are being fabricated 
for a leading east coast utility, this process being employed for all 
shop and field welds. 

The root. beads of the welds in the 9'/; in. OD X 15/s in. wall, 
Type 347 main steam line were inspected by means of a mirror 
located at the weld and adjusted to an angle for proper viewing 
from the end through a telescope. Fig. 25 is a view at the tele- 
scope eye-piece indicating the weld-root bead contour achieved. 

Discussion 
Barney Fabrication costs for heavy-wall carbon-steel 
nd low-alloy steel piping can be reduced if the use of backing 
ings and their associated close-tolerance raachining and careful 
tting-up requirements can be eliminated. Every effort should 
« made to keep substitute fabrication procedures as simple as 
ossible. Any substitute method should reduce costs as well as 
nprove physical properties to be truly attractive. 

Use of the inert-gas shielded-are welding process for the root 


5 Assistant to the Manager of Power Production, Commonwealth 
Edison Company, Chicago, Ill. Mem. ASME. 


1110 
4 
| 
| 


DIEHL, BLUMBERG, BENZ—INTERNAL-CONTOUR SHIELDED-ROOT WELDS 1111 


passes of welds in heavy-wall carbon-steel and low-alloy steel 
piping to replace backing rings should be attractive both eco- 
nomically and physically. Asmal}] saving in cost per weld can pro- 
duce an appreciable saving in over-all cost on a steam-powered 
turbogenerator unit because of the large number of both shop and 
field welds of this type which must be made. Our own experience, 
plus the evidence offered by the authors and others provides 
proof that the physical properties of piping fabricated in this 
manner are greatly improved. 

Working with Phillips-Getschow Company, and Armour Re- 
search Foundation, we have developed and tested a procedure 
for welding low-alloy steel (2'/, Cr, 1 Mo) piping using the inert- 
gas shielded arc-welding process for the root pass, and standard 
coated rod for the remainder of the weld, without using an inert 

as to obtain internal shielding or backup. 

If subsequent experimentation and experience show that the 
use of regular commercial practice for pipe-end preparation will 
give satisfactory welds, « definite reduction in fabrication cost 
can be achieved. 

Our efforts have been focused on the use of this process for 
welding low-alloy (2!/, Cr, 1 Mo) steel piping as we feel that its 
application to the welding of carbon-steel piping will follow 
naturally and without unusual difficulty. Successful use by 
Combustion Engineering Inc., of the inert-gas-shielded-are weld- 
ing process for field-welding the wall tubes to the stub tubes on 
the headers of its controlled-cireulation boilers show that this 
method is applicable to joining plain-carbon steels. 

The necessity for inert-gas backup when placing the root pass 
in welds joining Type 347 stainless-steel piping will not be dis- 
puted. Even though every precaution is taken to insure success 
when welding this material, the service history on high-pressure 
high-temperature, Type 347, stainless-steel steam piping is not 
good, 

The writer does not think that an inert-gas back-up and the 
extra costs involved in placing fixtures to control it are necessary 
when placing the root pass in welds joining low-alloy steel or 
carbon-steel piping. Dr. Parks and his staff at Armour Research 
Foundation have carefully examined welds made in low-alloy 
steel (2'/, Cr, 1 Mo) heavy-wall piping using the inert-gas- 
shielded-are welding process for the root pass without an inert- 
gas backup. They report that there was no effective nitrogen 
or hydrogen pickup and no detrimental oxidation of the interior 
surface of the pipe at the fusion line. Further, a more satis- 
factory internal-weld contour was obtained with air as a backup 
than was obtained with the inert-gas backup. Finally, the weld 
samples successfully passed the various procedure qualification 
tests. 


H. F. Benrens.6 The method of are welding described in the 
paper appears to be a step in the right direction. It should be 
regarded, however, as only a step toward perfection in that it 
still does not eliminate the human element which is responsible 
for most of the errors in welding. It is quite evident that we 
have a long way to go before we reach perfection in welding, 
either by the electric-are or gas process. It is our opinion that 
any method of welding whereby we can be sure of 100 per cent 
penetration without the use of backing or chill rings is desirable, 
but we are not too sure that the ‘“K-Weld’’ method described 
by the authors meets these requirements completely since it 
does not remove the possibility of welder incompetence, particu- 
larly for fixed-position welding. As the authors state, the K- 
Weld method would work best on rotated downhand welding. 
For fixed-position welding it is evident that a different internal 
pressure would be required for welding on top of the pipe than 


® Assistant Chief Mechanical Engineer, Commonwealth Associates, 
Inc., Jackson, Mich. Mem. ASME. 


when the welding is being done on the under side of the pipe when 
the internal gas pressure and gravity both act in the same direc- 
tion. 

If in an attempt to get 100 per cent penetration the welder over- 
heated the metal, a blow-through might be possible to the embar- 
rassment of the welder, with the result that there might be a 
tendency to not fuse completely the inside of the lip of the weld- 
ing ends. This might be the way whereby a welder would avoid 
the usual morning-after mistakes, If this practice were fol- 
lowed by the welder, it would be difficult to detect, since, as the 
authors mention, defects such as fine cracks or lack of penetration 
are usually not visible by x-raying or gamma-raying. We 
mention this merely to point out that the quality of welding still 
definitely depends upon the ability and training of the welder. 

Since the various codes allow a high joint efficiency for a welded 
joint in all of the formulas, it is important that human error be 
eliminated in so far as possible. Most of the weld failures de- 
scribed by the authors are more or less directly associated with 
improper welding. Our greatest difficulty is in getting suitable 
welders for field work because of the limitations placed upon us 
by the labor unions, and, unless welders are given continuous 
and proper supervision, there is always a question whether proper 
preheating was applied before tack welding and whether the 
joint was fitted properly so that the backing ring is flush at both 
edges and that other requirements of the specification are met. 
It is of course a simple matter to provide a record of the preheat 
temperature for the welding and the heat-treatment, but most 
of the failures mentioned by the authors were in connection with 
improper fitting of the backing rings and tack welding. The 
preheating before welding of any type of ferritic steels is of course 
important, as well as the proper heat-treatment after welding. 

The work described by the authors has been entirely on Type 
347 austenitic steel which is a 9 to 13 per cent nickel and 17 to 
20 per cent chromium. We have no experience with this type of 
material but realize that the high preheating is not necessary 
which permits the use of sponge rubber on the diaphragm seals, 
whereas with a high preheat some other material would be re- 
quired. 

C. Cuarman.? The method of welding deseribed in this 
paper is, in our opinion, the best solution yet found to the very 
old problem of how to produce welded joints in pipe and pressure 
vessels equivalent to double-welded construction when welded 
from one side only without the use of backing rings or strip 
That minute root cracks can and do oecur in many joints in both 
ferritic and austenitic steels where backing rings are used must 
be acknowledged, but the over-all service record of such joints 
over a period of many years, in our experience, has been most, 
satisfactory. However, we heartily concur in the desirability of 
eliminating the possibility of these defects, particularly in equip- 
ment which is to operate at high temperatures in the creep range. 

We have conducted tests which confirm the results reported 
by the authors that by protecting the inside of the weld by means 
of a shielding gas a more uniform contour of the inside-weld 
surface can be cbtained with less skill than when the weld is not 
so protected, but are not in complete agreement with the conclu- 
sion that the excellent inside surfaces iJlustrated in the paper can 
be reproduced consistently in all welding positions by welding 
operators of average skill without considerable training and prac- 
tice. For field work where local labor is often utilized, this new 
method of welding undoubtedly will present a problem in train- 
ing and qualifying welders as compared with the conventional 
design where a backing ring is employed, until such a time as 


the new method is in general usage. Irresponsibility on the part 


7 Chief Metallurgist, Combustion Engineering-Superheater, Inc., 
New York, N. Y. Mem. ASMFE, 
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1 a welder can lead to serious difficulties since burning through 
the root layer or otherwise making an unacceptable weld could 
Our experience indicates 


require remachining the pipe end. 
that the use of a backing ring offers more guarantee against such 
difficulties. 

We are welding boiler tubes with this method of welding with- 
out the shielding gas inside and the inside surfaces obtained are 
very satisfactory. There may be other applications where it is 
either impractical or uneconomical to use the gas inside and in 
our opinion, the elimination of root cracks is just as certain al- 
though the inside surface obtained is not quite so uniform. As a 
result, of our experience, we are convinced that elimination of 
backing rings and fusing the lips of the groove to form the root 
puss minimizes the dangers of root-bead cracking, and is there- 
fore to be preferred over backing-ring welds whether or not the 
inside surface is perfectly uniform or some degree of undercutting 
results. More liberal interpretation of radiographs as regards 
such defects should be allowed where « method of welding is used 
which practically eliminates the danger of root-bead cracking. 

We question whether or not root beads made in this manner in 
Type 347 stainless steel will prove susceptible to micro-fissure 
cracking of the type frequently found in fully austenitic weld 
metal, both in filler metal deposited with coated electrodes and 
in seal welds where the base metal is fused without the addition 
of filler metal. We would like to ask the authors if this has been 
experienced since thus far we have found no cracks of this type. 

The insulating effect of the oxides formed and the effeet of 
these oxides in reducing surface tension probably account for 
the greater difficulty in obtaining an ideal inside surface when no 
shielding gas is used. When welding carbon-stee! boiler tubes 
much less iron-oxide scale is formed than when welding with the 
oxyacetylene process and acid-washing readily cleans the welds. 
One objection to this application, however, is that somewhat 
greater accessibility is required to make a satisfactory weld than 
ix required with oxyacetylene welding. No doubt the same will 
prove true in the welding of heavy pipe, and we have a job now 
where welding by this method was considered impossible because 
of poor accessibility whereas it can be done by the metal-are 
method by using a backing ring. 

Our experience thus far indicates that this method of welding is 
applicable to all standard materials of construction with the 
exception of rimmed carbon steel and it can be used for welding 
this material by the addition of deoxidizers, 

In our opinion, the paper describes a method of welding which 


contributes to progress in the art. 


W. This paper discloses an advance in 
the making of welds, where back-chipping is not possible. The 
study of the variables like groove design, internal-pressure con- 
trol, and so on, has brought out the important factors which 
have to be controlled in making consistently high-quality welds 
without backing rings. 

Details of a welding process without the use of backing rings is 
givea in a British paper.’ The conclusions are about the same. 
For instance, in welding austenitic stainless-steel tubing, it is 
mentioned that control of penetration is easier with the argon-are 
process than with a metal are. That technique, however, is 
entirely different and perhaps the authors would comment on the 
main difference, which is a large root gap bridged by « special 
weaving motion of the electrode, involving continuous movement 
from side to side of the weld. Although the technique appears 


5 Engineer, Metallurgy Section, Knolls Atomic Power Laboratory, 
General Electric Company, Schenectady, N. Y. Mem. ASME. 

* “High Quality Pipe Butt Welding Without Backing Strips,”” by 
A. J. P. Tucker, Welding and Metal Fabrication, vol. 20, July, 1952, 


pp. 253-257. 


to require more skill than welding against the butted root of the 
K-Weld, it seems that the wider gap will lead to less dilution of 
the weld deposit than is the case of the butted joint. Therefore 
a gap in the root pass might be more desirable for austenitic 
welds where maintenance of ratios of certain elements in the 
deposit has been found to be so important. To put the question 
in another way, what precautions have to be taken to be assured 
that a fissure-free first pass is obtained in the K-welding of austen- 
itic steels? 

There are two other references in the literature which seem to 
emphasize the desirability of elimination of the backing ring, but 
are naturally dependent upon a sound procedure. 

In the welding of nickel and nickel alloys," it is strongly recom- 
mended to omit backing rings as they tend to become stress 
raisers and provide focal points (crevices) for corrosion. These 
are the same reasons as given by the authors for avoiding the 
backing ring. 

An interesting contribution concerning the strength of carbon- 
steel welds made with and without backing rings is a recent 
paper'! reviewing fatigue tests on piping components. It is 
reported that welds made with and without backing rings gave 
nearly the same results. The unbacked were a little weaker on 
the average and slightly more erratic in performance, probably 
as a result of lack of penetration. The further significant state- 
ment is made that this bears out the general experience that 
welds of equal quality can be made with and without backing 
rings, but that the backing rings give a better assurance of con- 
sistent penetration, 

The K-Weld process has substituted close control of welding 
details for exceptional skill in order to overcome the shortcomings 
of processes which depend upon the operator’s skill. 

This paper will certainly give considerable impetus to the im- 
provements in welds now requiring backing rings. 


ki. H. Krine.’*? The elimination of backing rings has long 
been an ideal of plant designers interested in higher pressures and 
temperatures and many have spent much thought on this. As 
long ago as 1937, a 60-mw topping unit passing 1,500,000 Ib of 
steam at 1300 psi, 950 F, had steam leads designed without 
backing rings. This was called the Amgael joint and was de- 
scribed in a paper by the writer and G. Sonderman,.'* 

Before adopting this joint, thorough study was also given to a 
root bead deposited by gas welding with successive layers of weld 
material deposited by electric are. However, this joint had vari- 
ous disadvantages and was not considered economical. 

The type of joint described in the present paper appears to 
answer the problem of complete penetration of the root bead, 
without an undesirable interior surface such as caused by icicles 
and other imperfections. The heliare welding of boiler tubes 
being used at the Etiwanda Steam Station of Southern Cali- 
fornia Edison Company, is much the same type except that no 
internal gas pressure is maintained within the tubes. 

Questions that arise with this type of weld are: Will it be 
economical or will royalty and welding costs militate against its 
adoption? We sincerely hope that such will not oceur, as this 
type of weld has been long awaited. 


“Fabrication and Design of Nickel and High-Nickel Alloy Pipe 
and Tubing,”’ The International Nickel Company, New York, N. Y., 
Technical Bulletin T-17 Review, July, 1951, p. 9. 

“Fatigue Tests of Piping Components,’ by A. R. C. 
Trans. ASME, vol. 74, 1952, pp. 287-303 

1? Consulting Engineer, Stone & Webster Engineering Corporation, 
Boston, Mass. Fellow ASME. 

13*'The Selection and Application of High Temperature Piping 
Material,”” by EK. H. Krieg and G. Sonderman, The Welding Journal, 
18, 1939, pp. 697-701. Detail of joint is shown on p. 700. 
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Hi. F. Lover.'* Mention is made of the savings made possible 
by omitting the backing ring but this is a small part of the cost 
for machining the U-bevel and counterboring the pipe inside 
diameter, 

Emphasis is placed on freeing a welder from the strain of mak- 
ing a blind root weld and it is agreed that this is decidedly helpful 
in securing more uniformly good root welds. However, it would 
seem that some chance for inviting trouble now exists in the highly 
pressure-control Apparently the 
are fixed by experience to date, but it is hard to picture that a 
full knowledge of the exact pressures for all cases is available 


sensitive system. pressures 


already. Some variables affecting pressure would be size of pipe, 
material being welded, position of weld (horizontal overhead, 
etc.), continued change in area open for eseape of inert gas as 
welding progresses. What is the order of magnitude of the pres- 
sure used? 

Are the ends of the pipes tacked together on the outside of 
the pipe during the welding of the root bead? 

Is there a pipe size at which the refinement of internal shielding 
may be dispensed with and still obtain a reasonably smooth 
interior and full penetration without backing rings, using inert- 
gas are welding? 

Fig. 24 of the paper apparently shows one welder using a tung- 
sten-are holder plus filler metal rod and the other welder using the 
inert-gas metal-are welding procedure — which is recommended 
by the authors for their process? 

H. ©. Scuwerkartr.” The authors are to be congratulated 
for their work in the development of this novel welding technique 

From our experience as consulting engineers the use of backing 
rings in the fabrication of piping has never been entirely successful. 
A thoroughly dependable process eliminating their use would be 
an advance step in pipe fabrication. The authors have endeav- 
ored to develop such a method in the K-Weld process described. 

The fact that “precise control of technique, physical dimen- 
sions, and internal shielding gas pressure’ are necessary, however, 
brings up many questions. 
being used for both shop and field welding. 


The authors state that the process is 
The examples referred 
to seem to be confined to shopwork where successful applica- 
tion of the process because of complete control is possible. Ae- 
cording to our experience, it is difficult to achieve complete con- 
trol of these factors in field welding. This is particularly true in 
making the final field welds in pipe lines where cold spring is 
applied. Using the K-Weld process for such welds apparently 
would entail fitting the pipe ends together in an almost gas-tight 
fit as well as the possibility of filling the entire pipe line with inert 
These 


conditions appear to be most difficult to achieve as well as costly, 


gas, the pressure of which must be controlled accurately. 


The inert-gas pressures maintained within the pressure cham- 
ber during application of the K-Weld process in order to secure 
the various profiles of weld root beads shown in Fig. 5 of the paper, 
The thin, highly heated lips at the 
ends of the pipe sections and just ahead of the electrode during the 


are of considerable interest. 


welding process must be structurally weak; hence precise control 
of inert-gas pressures within the pressure chamber must be man- 
datory. It would be interesting to obtain additional comments 
on this point. 

Burn-through is mentioned in the paper and in conjunetion 
with the second pass employing the same-diameter coated elec- 
trode and exactly the same heliare procedure. May we pose the 
question “Why concern about burn-through with the next-larger- 
size electrode when there now exists the original lip metal plus 

14 Design Engineer, Sanderson & Porter, 52 William Street, New 
York, N.Y. Jun. ASME. 

Mechanical Engineer, Gilbert Associates, 
Mem. ASMP. 


Inc., Reading, Pa. 
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the first bead laid down to form the root bead when burn-through 
would appear to be a much greater hazard when the initial pass 
reasoning underlies this question 
appears to be substantiated by an examination of the upper 
view in Fig. 14. Close examination of this illustration indi- 
cates the occurrence of considerable weld splatter although con- 


was made?” The which 


ceivably the picture is a poor one or the interior surface of the 
pipe may have been pitted or otherwise blemished to a considera- 
ble extent. The extension of this line of thought leads to another 
question: viz, do the two eastern utility companies who have 
abandoned the use of backing rings require that all piping, tubing, 
and other pressure parts of welded construction without backing 
rings be inhibited acid-cleaned prior to their initial service? 

Inert-gas consumption must affeet appreciably the cost of the 
to a low-cost source of a suitable inert gas. The source of the 
inert gases employed in the authors’ operations and whether or 
not other than those mentioned, viz, helium, argon, and mixtures 
thereof, are used would also be timely information, 

We look forward to the additional papers covering specific 
applications and details of the process as mentioned by the 
We suggest that these cover application to field welding 
and cost in both equipment and man-hours per weld for both shop 
and field. 


authors 


H. M 
ment which from the point of view of those interested in high 


This paper deseribes a welding develop- 
temperature-pressure piping is timely 

The difficulties making austenitic welded 
joints without root eracks in heayy-wall piping when using the 


encountered in 


conventional backing ring, as well as the difficulties of ascertain- 
ing the presence of root cracks in the completed weld has ocea- 
sioned considerable thought, and a process in which the absence 
of root-cracking is assured, is highly desirable, 

The elimination of restrictions due to backing rings also will 
enable designers to take advantage of higher fluid velocities 
The 


clin ination by this process of the time required for machining 


which should result in smaller piping for a given flow, 


and proper fitting-up of backing rings also is worthy of mention 

The mechanism underlying the process, as described by the 
authors, ‘is to provide the controlled deposited metal in its initial 
period of solidification and subsequent cooling with (suitable) 
support,”’ and the authors claim that operators of average ability 
are able to make satisfactory welds with this process. 

It seems that there would be an optimum speed at which the 
root. pass could be deposited by the inert-gas method which 
inherently would provide proper support for the solidification 
of the weld metal without the necessity for gas backing. This 
process probably would require operating at higher weld-travel 
speeds than could be performed feasibly by an average operator 
and the development of an automatic welding device in which 
the speed of the electrode and the wire feed could be controlled 
mechanically to produce satisfactory welds would appear to be 
attractive. 

Some of the work done along these lines indicates that it is 
not too difficult to make a satisfactory first-pass deposit without 
gas backup by automatic welding and it is hoped that eventually 
equipment will be developed by which the entire weld can be 
completed automatically. Such a development should reduce 
weld costs. It should also reduce defects, which in the past we 
believe have for the most part been associated with the skill of 
the operators. 

It is hoped that the authors will continue development along 
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the lines suggested, and that the end result will be a completely 
automatic weld made without the use of any backup. 


IRANSACTIONS 


G. W. Warts." The authors are to be commended for the 
excellence of their paper. However, the writer cannot help but 
wonder, in spite of the statement of their future plans as anno- 
tated at the end of the paper, why details were not given of this 
welding procedure which is of such obvious interest to industry. 

The problems attendant to the use of backing rings are particu- 
larly emphasized in the petroleum industry. The authors have 
noted the consequences of turbulence, accelerated corrosion, and 
pockets for collection of corrodents, which may occur in pipes in 
which backing rings have been used. The petroleum industry, 
in addition, must consider the coke formation and the interfer- 
ence with coke-removal operations which are associated with 
backing-ring usage in hot-oil lines. For these several reasons, 
many refineries prefer to omit the use of backing rings altogether, 
and to rely on securing adequate root fusion by using the metal- 
are-welding process and suitable training of welders. This pro- 
cedure has seemed to be less objectionable than the use of backing 
rings, although it does not provide the best welds. 

The rather general description of the K-welding procedure by 
the authors leaves many questions unanswered. Our pipe fabri- 
cation employs standard welding fittings and flanges, commer- 
cially prepared for single-Vee butt joints. It should be noted 
that the authors’ procedure as well as the comparable procedure 
deseribed recently by Messrs. Mueller and Root of Crane Com- 
pany, seems to depend on having the thin land which is charac- 
teristic of a U-joint preparation. The extent to which these 
procedures could be applied to single-Vee joint root-pass welding 
would be of practical interest, particularly as it would eliminate 
the additional costs involved in joint-edge preparation. 

The use of the gas chamber to provide backing protection and 
positive inert-gas pressure is not as simple as the authors’ figures 
appear to indieate, as the authors undoubtedly are well aware 
Shop welds between straight lengths of pipe, or pipes and flanges 
pose no problem: even welds between pipes and elbows might be 
made readily with the fixture indicated. However, connecting 
welds in complicated assemblies, or field welds, frequently are in 
a location which would make the removal of the fixture extremely 
difficult or in some instances quite impossible. Some of 
these difficulties could be modified by suitable planning of the 
welding sequence, but others cannot be taken care of so readily 
The experience of the authors in this respect would be of interest 

The authors, in their expressed future plans, probably will pro 
vide some information as to the pressures which are required to 
They indicate that the 
procedure is independent of wall thickness, However, it would 
be interesting to know the extent to which previously selected 
pressure levels will maintain similar root contours when different 
pipe sizes are involved, and the degree to which such root con- 
tours will vary from start to finish of a weld, under the variations 
encountered in metal-temperature differences for these different 
sizes of pipe. In this connection also, it would be of interest to 
know whether the authors have used K-welding for the tack welds 
during alignment, and their experience in the remelting of the 
tack welds during the full welding of the root pass. 

The various aspects of the practical utilization of the K-welding 
procedure in oil-refinery-maintenance welding, some of which 
have been discussed in the foregoing, probably have been con- 
sidered by the authors for future presentation. In the event that 
some of these may have been overlooked by the authors, it is 
hoped that this discussion of their paper will be of some assistance 
to their future efforts 


produce the various root contours noted. 


Director of Engineering, Standard Oil Company (Indiana), 
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The authors wish to express their appreciation to those who 
have taken an interest in this paper and have prepared dis- 
cussions. 

With each newly developed process, regardless of the field of 
endeavor, one question is almost universally put first. This is 
“How much money can be saved with this new development,” 
and it has been asked of K-welding. Before answering this 
query, it is emphasized that a K-weld is the root bead of a butt 
joint which is deposited with a controlled-pressure inert-gas 
backup and under the prescribed conditions of internal gas pres- 
sure and joint geometry, a complete-penetration controlled- 
contour root bead is produced. Both the geometry and the gas 
backup are essential. As described in the paper, after the K- 
weld is deposited, the weld joint is completed by means of the 
conventional metallic are process. Presently, the cost of the 
completed K-weld butt joint is slightly higher than a butt joint 
made with a machined backing ring. For this nominal cost 
difference, there is the assurance of producing a joint devoid of 
initial root cracks and stress raisers which is so essential in avoid- 
ing fatigue and shock failures in high-temperature high-pressure 
service. 

There is little doubt that complete penetration butt welds can 
be made with standard weld grooves; however, it is our experi- 
ence that consistent penetration is attained only by welders of 
superior skill working under favorable conditions; moreover, root 
inside contour is essentially not controlled. 

The increased for fixturing, 
pressure chamber, positioning of pipe for alignment of lands, is 


cost installation of internal- 
somewhat dependent on the size and thickness of the pipe wall. 
In locations where a permanent fixture cannot be removed after 
the K-weld is made, the dams for retaining the backup gas are 
made of corrugated paper and are preplaced in each side of the 
joint before it is assembled. These paper dams disintegrate 
during stress-relieving or can be blown or washed out after the 
weld is completed. 

Considering now the technical aspects, our experience does not 
confirm that of Mr. Bailey and Dr. Parks in that we have found 
that under comparable conditions of pressure, a more satisfac- 
tory internal weld contour is produced with the inert-gas backup 
than with air as a backup. 

Mr. Behrens questions whether or not K-weld removes the 
possibility of welder incompetence, or in other the 
human element. We have pointed out that entirely acceptable 
welds have been achieved by welders of average skill without 
Further with K-welding, should an operator 


words 


previous practice. 
err in welding, causing the gas backup to blow out and thereby 
creating a hole in the land, repair is easily achieved so that evi- 
dence of this occurrence is almost completely obliterated and a 
smooth inside contour achieved. Actually, with proper prepara- 
tion and reasonable awareness of deviations in joint geometry, the 
desired penetration and contour are easily achieved. 

When preheating is required, the sponge-rubber-type dams can 
be placed on each side of the joint outside of the heated zone, the 
baffles may be made from the soft insulating-type brick and 
placed within the heated zone, or the entire piping system may 
be filled with the inert gas. One interesting point in regard to 
preheating, subject to further confirmation, is that it appears 
that lower preheats may possibly be used with K-welding. 

Mr. Chapman has pointed out that a problem will exist in 
training ‘“union-hall’’ in the K-weld This 
problem is not peculiar to this process, but is common to all 
pressure-equipment welding; an outstanding advantage of K- 
weld is that no more than average skill in a qualified welder is 
Presently inert-gas are welders are not available for 


anil 


welders process. 


necessary. 


ark 


job hiring and oxyacetylene, preferably, or are welders must be 
trained. This situation is not uncommon with low-hydrogen 
electrodes or alloy welding where similar training is usually in- 
volved. It is our opinion that sufficient skill to produce satis- 
factory welds using the K-weld process can be acquired in a rela- 
tively short time possibly shorter than that required to attain 
comparable skill for using low-hydrogen electrodes or alloy rods. 

In regard to microfissuring in the K-weld deposit in T-347 (18 
Cr, 10 Ni, Cb) stainless steel, we have found none in our investi- 
gations. The absence of this type of defect may be attributed 
directly to the addition of 
balanced to produce a ferrite-bearing deposit which is resistant 


a filler wire which is chemically 


to microfissuring, and probably also to the elimination of oxides 

The method for depositing the first pass, which has been de- 
scribed by Tucker and referred to by Mr. Fleisehmann, requires 
much more operator skill for assured uniform deposition. The 
protection of the underside of the root bead by the inert gas with 
this method is not controlled and may vary from almost complete 
protection to none at all, depending on ambient conditions, One 
especially desirable feature of Tucker's method is that the result- 
ing weld deposit will be diluted less, much less than the K-weld, 
provided a constant root gap can be maintained during deposi- 
tion of the root pass. 

In principle, backing rings are supposed to assure complete 
penetration. There is little doubt that it is considered easier to 
weld a butt joint with a ring than without one (except with 
K-welding); however, many joints have had to be cut apart due 
to lack of penetration of the weld metal into the backing ring. 
This is particularly so when relatively thin backing rings are 
specified and the welder must use a low current or advance 
rapidly to prevent burning through the backing ring-——also on 
sluggish compositions where slag is easily entrapped. In other 
words, the use of a backing ring, per se, is no guarantee of a com- 
plete penetration joint. 

In answer to Mr. Krieg’s question of the economic aspects of 
K-weld, it appears that the cost for K-welding both high and 
low-alloy steels will be quite faverable. 

In response to Mr. Louer’s questions on the backup pressure, 
we would like to point out that although the level of pressure 
must be controlled rather precisely, the sensitivity of the control 
system, depending upon the rate of gas flow, can vary over a 
With the specified joint geometry, pipe size is not 
The major factors influencing the backup pressure 


wide range. 
a variable. 
are desired bead contour (convex, concave, or flat), welding 
position and materials 

Apparently the poor reproduction of Fig. 24 in the preprint of 
the paper has caused some confusion; the upper photograph 
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shows the operator depositing the K-weld pass using a “Heliare” 
torch and the lower photograph shows the welder depositing the 
first metal-are pass over the root bead. 

We should like to point out to Mr. Schweikart that since the 
presentation of this paper, K-welding in the field has proved en- 
Joints have been made in the fixed horizontal, 
fixed vertical, and intermediate fixed positions. The K-welds, 
all satisfactory, were made on joints involving all the variables 
usually encountered in the field. In some cases the land of the 
joint was thinner than specified, joint edges were scalloped after 
dents caused by mishandling were ground smooth, and align- 
Man-hours were 
saved, which, under similar conditions would ordinarily be re- 
Although a joint 
with zero root gap is preferred, joints were welded with root gaps 


tirely successful 


ment was not equal to shop requirements, 
quired for fitting of machined backing rings. 


which were sealed as necessary to maintain the gas pressure. 
Naturally such deviations require some additional supervision 
and care which, however, was much less than would be expected. 

The inert-gas backup is maintained during deposition of the 
first metal-are pass over the K-weld when it is desirable to pre- 
vent oxidation of the inside surface of the root bead. 

In Fig. 14 what appears to be weld spatter is actually pitting 
in a rusted piece of pipe. 

In an effort to further eliminate the need for the inert-gas 
pressure backup Mr. Soldan suggests mechanizing this process 
through the use of automatic equipment. Automatic inert-gas- 
shielded are welding can only achieve the degree of control 
necessary for consistent contour and quality when all of the 
variables in welding are considered. Joint preparation, fit up, 
current, voltage, wire feed rate, travel speed, ete., would have to 
It is our opinion that 
controlled-contour full penetration welds cannot be made in the 
fixed-horizontal or fixed-vertical positions without the use of the 
controlled-pressure inert-gas backup. 


be controlled within very narrow limits. 


From our recent ex- 
periences in both shop and field welding it can be stated that 
automatic equipment could not significantly improve upon the 
weld quality produced by manual operators. We do believe, 
however, that the depositing of K-welds with automatic equip- 
ment will provide economic advantages 

Finally, in answer to Mr. Watts’ discussion, we reiterate that 
V-grooves are not completely satisfactory because greater opera- 
tor skill is required for consistent penetration and contour. 

The practice in setting up joints for K-welding is to make the 
In depositing the root pass, the tacks 
are remelted and blend into the completed weld without hazard 
This type of tacking eliminates slugging-tacks or 
bridges which must be removed prior to welding. 


tacks with this process. 


of defects. 
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Slider-Bearing Lubrication—IV" 


Effect of Temperature on the Viscosity 


OSTERLE,? A. CHARNES,' 


Treating viscosity as a function of temperature and pres- 
sure, the problem of the slider bearing without side leakage 
and with film thickness varying exponentially is solved 
exactly for the case of adiabatic flow. An approximate 
solution is developed, applicable to both finite and infinite 
sliders. This approximate solution is found to check very 
closely with the exact solution for the infinite-slider 


S ILUTIONS of the inclined-surface slider bearing are availa- 


INTRODUCTION 4 


ble in the literature for the case in which the lubricant is 

assumed to flow ‘‘isothermally’’ between the slider and the 
hearing. Classic among these is the Michell (1)* solution which, 
however, ignores the variation of the viscosity of the lubricant 
with pressure. Ina recent paper Charnes and Saibel (2) presented 
x solution of the isothermal problem in which the effeet of pres- 
sure on viscosity is taken into account. 

It is well known, however, that except in unusual cases, the 
temperature of the lubricant does not remain constant as it flows 
through the bearing, but rises enough to decrease the viscosity 
appreciably and hence reduces the load-carrying capacity. 

The temperature of the lubricant rises as internal energy is 
stored in it. The conservation-of-energy principle requires that 
the internal energy stored in the lubricant is equal to the work 
done on it by the viscous forces less the heat conducted away 
Isothermal flow implies that all of the work done on the 
However, Cope (3) cites 


trom it. 
lubricant is conducted away as heat. 
reasons for believing that in most cases almost all of the work 
done on the lubricant is stored in it as internal energy; ie., the 
flow is essentially ‘adiabatic’? and not “isothermal.” 
Christopherson (4) developed a relaxation technique for solv- 
ing the but, as 
by the present authors in a recent paper (5), the energy-balance 
Although he 


adiabatic flow problem; was discovered 


equation used by Christopherson was in error. 


‘The research underlying this paper was partially supported by 
funds from a U.S. Air Force contract with the Carnegie Institute of 
Technology, and was done in part by Fletcher Osterle in partial ful- 
fillment of the requirements for the degree of Doctor of Science at the 
Carnegie Institute of Technology 

? Assistant Professor, Department of Mechanical 
Carnegie Institute of Technology. Jun. ASME. 

Associate Professor, Department of Mathematics, Carnegie Insti- 
tute of Technology 

* Professor of Mechanics, Department of Mathematics, Carnegie 
Institute of Technology. Mem. ASME. 

®’ Numbers in parentheses refer to the Bibliography at the end of the 
paper 

Contributed by the Research Committee on Lubrication under 
auspices of Lubrication Activity and presented at the Annual Meet- 
ing, New York, N. Y., November 30-December 5, 1952, of Tue 
American Society or Mecuantcat ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Manuscript received by ASME Applied Mechanics 
Division, July 15, 1952. Paper No. 52--A-24. 
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Viscosity 


SAIBEL,* PITTSBURGH, PA. 
considered the work done on the lubricant by the slider, he 
ignored the work done by the pressure forces, the so-called 
“flow work’’ of thermodynamics. 

Cope (3), using a correct energy equation, solved the problem of 
the inclined-plane slider approximately, neglecting side leakage 
and the effect of pressure on viscosity. 


In this paper the problem of the inclined-suriace slider with film 


thickness varying exponentially is solved exactly considering the 
a function of both pressure and temperature. Side 
leakage is not considered in this solution, However, an approxi- 
mate solution is presented which can be applied to the case in 
which side leakage is considered, as well as to the case in which 
For the case of no side leakage 


For the 


side leakage is not considered, 
this approximate solution is found to be quite accurate. 
finite-slider case, the approximate solution can be used with ad- 
vantage as the first step in a relaxation, iteration, or successive- 
approximations method of solution. 

Using the methods developed, and starting from the more 
general equations, it is possible to take into account variations in 
the density of the lubricant. This, however, is not taken up in the 
present work. 


Basic Equations 


If the Navier-Stokes and continuity equations of hydrody- 
namics are applied to the inclined-surface slider-bearing lubrica- 
tion problem, they lead to the so-called Reynolds equation which 
ean be written 


where 


flow in s-direction per unit length in y-direction 
flow in y-direction per unit length in z-direction 
lubricant pressure 

lubricant viscosity 

film thickness 


velocity of moving surface (bearing) in z-direction, Fig. 1 


Implicit in che Reynolds equation are the assumptions that the 
inertia and weight of the lubricant are negligible and that the film 
is so thin that the pressure and viscosity are essentially constant 
throughout its thickness, 

If it is further assumed that the internal energy of the lubricant 
also remains constant throughout the film thickness, the following 
energy equation (as derived in reference 5) can be written for the 
case of adiabatic flow 
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where 


= frictional force per unit film area exerted on lubricant by 
moving surface 

= lubricant density 


» « lubricant internal energy 
= Jubrieant enthalpy 


This energy equation was shown (5) to be the same as the one 
used by Cope (3). 

The viscosity and internal energy of the lubricant are not con- 
stant but vary with pressure and temperature. Once these laws 
of variation are known, Equations [1] and [2] reduce to simul- 
taneous equations in pressure and temperature as the two un- 
knowns. 

If the lubricant viscosity at a pressure po and a temperature is 
represented by jo, the viscosity at an arbitrary pressure p and 
temperature ¢ usually shown in exponential form can be repre- 
sented as follows 


1 
In e = a (p Po) + 1 ( ) [3] 
Mo t+a +a 


This equation has a theoretical basis in the kinetic theory of 
liquids (6) besides being verifiable experimentally over a useful 
range. If the subscript zero refers to the state of the lubricant as 
it enters the slider bearing, then Equation [3] relates the viscosity 
at a point in the film where the pressure is p and the temperature 
is ¢ to the viscosity at entrance fo where the pressure is po and the 
temperature is f. Pressure and temperature scales can be so 
chosen that po and fare both zero. Equation [3] then reduces to 


1 1 
= ap + A( 
Mo t+a a 


The temperature rise likely to be encountered in practical 
problems is small enough so that for most lubricants the second 


[4] 
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term on the right of Equation [4] is nearly linear in ¢. Therefore 
an approximation to Equation [4] is 


This equation with a and 8 assumed constant will be used in the 
developments to follow. 

The internal energy will be assumed independent of pressure 
and linearly related to temperature. The internal-energy equa- 
tion is then 


e=el - [6] 
with c the specific heat. a tebe 
SuperorInemrre 


Neglecting side leakage is equivalent to considering a slider of 
infinite width. For this case the Reynolds Equation [1] reduces 

= () 
2 dr 


[7] 


dr 


and the energy Equation [2] becomes 


wl? (dp\? Uh h® dp\ dt 
‘ + = pc 
h 12u \dr 2 12u dr/ dr 


Integration of Equation [7] leads to 


Uh 
2 12u dr 2 


where h,, is the film thickness at the point in the film where the 
pressure is a maximum (i.e., the pressure gradient dp/dz, is 


zero). This equation can be rearranged in the form 


[9] 


Substituting Equation [9] into the energy Equation [8] there 
results 


dt Sh 
dz pech,,? \h h 


and assume the film thickness to vary with distance along the 
slider according to the equation 


Equations [9] and [10] beeome 

dr bh,? ") 
and 
U 
= (3r®? — Gr + 4)........ [14] 
r bpch,, 


respectively. 
Introducing the viscosity Equation [5] into Equations [13] and 
[14] and rearranging, we obtain 
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The sum of Equations [15] and [16] is recognized as 
d 
( ) 
dr 


Therefore the reciprocal of viscosity at any point in the film is 


given by 


3 2 1 
re?) + (r ro | {1S} 
2 pr pe 


Substituting Equation [18] into Equations [13] and [14] we 


obtain the following pressure and temperature-distribution 
equations 
Opel rjdr 
‘ 
rare bh / pol 
= bh,,? 
= 
2 pol (3r? — 6r 4+ 
t= — (20) 
bpch,,? 2 pol 
wn 1 + R 
bh,,? 


where # is the expression within the brackets in Equation [18], 

In Equations [19] and [20] the quantity h,, (which appears by 
itself and in r) is still unknown. However, one boundary condi- 
tion has not yet been used, namely, that p = Owhenr = rn. Im- 
posing this condition on Equation [19], h,, can be determined, 
thus making the pressure and temperature equations complete. 
Since the integrand in Equation [19] contains a cubic R in the de- 
nominator it is impractical to determine A,, in literal form. For 
this reason a trial-and-error process will prove convenient. Once 
h,, is known, the integrations indicated by Equations [19] and 
[20] can be carried out to give the pressure and temperature at 
any point in the film. 

The foregoing method for determining the pressure and tem- 
perature distributions in an inclined-surface slider bearing with 
no side leakage will now be illustrated by a numerical example. 


NUMERICAL EXAMPLE 


Consider a slider bearing operating under the following condi- 
tions: 


Bearing length (B) = 2 in. 

Bearing velocity (U) = 320 ips 

Inlet film thickness (ho) = 0.002 in. 
Outlet film thickness (h;) = 0.001 in. 


If it is further specified that the lubricant is SAE 20 oil entering 
at 100 F, the following properties taken from various sources, are 
reasonable: 

Density (p) = 0.032 lb per cu in. 

Specific heat (c) = 4300 in-lb per lb deg F 

Viscosity at inlet (uo) = 9.25 * 10~* lb see per sq in. 


F. 
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Pressure coefficient of viscosity (a) = 15 & 107 sq in. per |b 
Temperature coefficient of viscosity (8) = 0.029 per deg F 


The a-value selected for this oil yields results in agreement with 
the work of several investigators (7, 8, 9) on the dependence of 
viscosity on pressure. The 6-value was chosen for the tempera- 
ture range of from 100 to 140 F, and checks quite closely with 
data from the ASTM viscosity charts for this range. 

The pressure and temperature distributions for this slider bear- 
ing, obtained by solving Equations [19] and [20], respectively, 
are shown graphically in Figs. 2 and 3. The maximum pressure 
was found to be 980 psi occurring at a point 1.126 in. from the 
inlet edge. The total temperature rise works out to be 33.4 
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om 
For comparison, the pressure distribution which would result 
if the flow were isothermal (viscosity a function of pressure) is 
alvo shown in Fig. 2. This pressure distribution was obtained by 
the methods of reference (2). 
the pressure varies directly with viscosity and the viscosity in- 


It is interesting to note that since 


versely with temperature, the pressure distribution (and hence 
the load-carrying capacity) is the maximum possible if the flow is 
isothermal and the minimum possible if the flow is adiabatic. 
Thus isothermal and adiabatic-flow assumptions lead to upper 
and lower bounds, respectively, on the load-carrying capacity. 


OSTERLE, CHARNES, SAIBEL--REYNOLDS EQUAT 
hs 
This leads to 
. 
- 


> 
APPROXIMATE SOLUTION 


slider bearing, with or without side leakage, can be initiated by 


An approximate solution to the problem of the inclined-surface 


assuming the lubricant. temperature to vary linearly with z and 


to be independent of . 


Letting 


(= {21} 
the viscosity Equation becomes 
{22 


Substituting the viscosity Equation [22] and the film-thicknes- 


Equation [12] into the Reynolds Equation [1] there results 
or oy 
Uh, het Uy op 
2 12, or 
x fa 
fl, . 
B ab ) Op 
Introducing the following transformation 


= | ap* | 2:4) 
the flow expressions become 
pti 
Uhe B )* op* 
“Mo or 
4 B ) r op 
= 
ty py OV 
The Reynolds equation can now be written 
Bt, op* Ob pol’ (2 
3b = [24 
a B or hy? 


If t is set equal to zero, Equation (24) reduces to the equation 
governing the isothermal-flow case which was solved by Charnes 
and Saibel (2), The method of solution employed there will apply 


The re- 


here as well since only the constant coefficients differ. 


sulting solution is 


G, sin 


kay 


, 
6 pol 2 
pt = — e 
he? 


1) 


with 


2irn 


G, = 


ky 
cosh 
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For an infinite slider the first term of Equation [25] vanishes 
since the pressure is independent of y in this case, 

The quantity 4 which appears in Equation [25] is still unknown; 
but can be determined by requiring that the energy Equation [2] 
be satisfied in the large, i.e., over the entire film area, 

Let the integrals over the film area of the right-hand side and 
the left-hand side of the energy equation be represented by E, 
and E., respectively. Integrating the right-hand side by parts, 
noting that the Reynolds equation eliminates certain terms, we 
obtain the following line integral expression 

E, =p 


(iq, dy 


2 dx. (26) 
»f ‘dy Leds 
0 


Since p = Oon the boundary, i = ¢ there, and E, is seen to be the 
rate at which energy is stored in the lubricant. Substituting ct for 


e and observing that ¢ = 0 on the inlet edge, BE) reduces to 


b 
Ey = pelt (q,)r~n dy + 2 [27] 
L/2 0 


This energy storage rate must equal the rate at which work is 
given by 


ho 
drdy 


done on the lubricant, which is 2, 


L/2 Jo n 


2 Or 
Integrating the second term by parts, noting that p = Oat rc = 0 
and 2 = 8B, this equation becomes 
7B ful » dh 
E, = [ (“ ) [28] 
L/2 Jo h 2 dx 


Introduemg the viscosity and film-thickness equations, there re- 


«| drdy 


sults 


L/2 J0 hy 2 


Substituting for p from Mquation {24}, we obtain 


"L/2 
ho 1 


Sw 


ap* 


2a 


In (1 ap* | drdy. . (29) 


with 
Bt, 


This work-rate integral is ditheult to evaluate directly because 
of the complexity of p*. However, the fact that @p* is small 
compared to unity makes it possible to establish rather close and 
easily evaluated upper and lower bounds for this integral. 

The following inequality, from reference (10), will be used to 
establish the lower bound 


S ) 
v (= 


the equality sign holding only if f is a constant. 


A 
SVS ge 
If we let 
ap 


and observe that a@p* is small compared to unity, we see that the 
inequality should not be great. 


‘ 
|_| 
= a! 
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and for the second term we let 


W(t) = 
the conditions of the inequality are satisfied and the following 
lower bound for the work rate is obtained 


In g 


Ubh 


2a 


p*dA 


bs *d A 


and A representing the film area, 

An upper bound for the work rate will now be established. 
Consider the first and second terms of the work-rate Integral {29} 
and write 


a 
* 


I 
In (1 ap*) 
a 


9 


If we let p,,* represent the maximum value of p* in the film (as 
given by the lower bound expression, for example) it is apparent 
that 

In (i ap*) < a, p* 


The introduction of these two expressions into the work-rate 
integral leads to the following upper bound for the work rate 


al; {32} 

The procedure for determining the pressure distribution can 
now be summarized as follows: 

By trial and error, a value for 4; musi be selected which will 
cause the energy storage rate, as given by Equation [27], to 
balance the work rate, lower and upper bounds of which are given 
by Expressions [31] and [32], respectively. It is of interest to 
note that in the example to be treated, the upper and lower 
bounds differed by less than 1 per cent. Once t; is established, the 
pressure at any point in the film is given by Equation [25]. 
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As a partial cheek on the accuracy of this approximation method, 
it was applied to the infinite-slider example solved before by the 
exact method. An assumed temperature rise of 35 F led to a 
value of 1044 in-lb per see per in. of slider width for the energy 
storage rate, and upper and lower bounds for the work rate of 995 
and 988, respectively. Since the energy storage rate is seen to ex- 
ceed the work rate, the assumed temperature rise of 35 F is too 
high. An assumed temperature rise of 32 F led to a value of 
932 for the energy storage rate, 1037 for the work rate upper 
bound, and 1029 for the work rate lower bound. By interpolation, 
the temperature rise (to the nearest degree) is 34 F. The 
exact temperature rise for this example was found to be 33.4 F. 

The approximate pressure and temperature distributions for 
this example are shown graphically by the crosses in Figs. 2 and 3. 
They both approximate the exact distributions quite closely. 
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Discussion 


H. 
where flow in the oil film is adiabatic, 


The authors’ solution relates to the limiting case 
This solution also will be 
useful as a first approximation for those intermediate cases 
where oil flow is no longer adiabatic but where the solution for 
the other limiting case, that is, isothermal flow, is not too much 
different from that for the authors’ limiting case (see the authors’ 
numerical example and Fig. 2) 

However, in the practice of lubrication, intermediate cases 
ean arise where flow is far from being either adiabatic or isother- 
mal and where, moreover, the solutions for the latter limiting cases 
One such intermediate case would appear to 
This is 


differ appreciably 
be sufficiently important to justify further consideration 
the case representative of hydrodynamically lubricated high- 
speed gears; it is typified by the following characteristics of heat 
flow, which result in thermal boundary conditions quite different 
from those of either adiabatic or isothermal flow: 


1 Heat conduction along the film-— just as in most, if not all, 
cases of oil flow obtaining in actual lubrication practice is 
negligible as compared with the convection of the heat by the 
flowing oil. 

2 Convection of the heat is negligible as compared with heat 
conduction across the film. 

3 Heat conduction across the film is so efficient that in any 


® Professor of Mechanical Engineering, Technical University, Delft, 
Holland. 


If for the first term of Equation {29} we let fe 
= 
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| | = 1.) 3 
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given film section oil temperature, for any practical purpose, 
may be assumed to be uniform. In other words, temperature at 
any given point of one rubbing surface is assumed to be equal to 
the temperature at the momentaneously opponent point of the 
other rubbing surface: but oi] temperature or (what here 
amounts to the same thing) surface temperature, will yet vary 
along the film. 


In such a case, in so far as thermal properties are concerned, 
only those of the solid material(s) of the rubbing surfaces are 
influential. The only oil property that here enters the picture is 
oil viscosity and its variation with temperature and pressure 
(this variation, for instance, may be expressed by Equation [5] of 
the paper) 

The relevant problem of viscous-frictional heating bears much 
similarity to that of “flash temperatures,’”’ which formerly has 
been treated for the case of solid-frictional heating (writer's 
reference 14), 
that there is a highly involved interaction between the variation 
of oil temperature (surface temperature) along the film and the 
variation, in the same direction, of viscosity and thus of the in- 
tensity q of the viscous-frictional heat. 

Let us take a case somewhat more general than that considered 
by the authors in so far as rubbing speeds are concerned, in order 
to make it applicable also to hydrodynamically lubricated tooth 
faces. That is, let us take the tangential speeds of the rubbing 
surfaces relative to the oil film U; and U», respectively, both in 
general being nonvanishing. Then the following relationship can 
be established for q (this relationship embodies a slight extension 
of Vogelpohl’s Relationship [16] in reference 13) 


r)* (Uy + Us)? + (U1 


The present problem is complicated by the fact 


q = (ur/hm) [3(1 - U;)?].. (33) 
where, just as in the authors’ case, both r (see authors’ definition 
H.quation [11]) and yw (see authors’ Relationship [5]) are func- 
tions of the abscissa z, which are not known a priori but which are 
defined by taking into account the other equations valid for the 
case considered. 

Relationship [33] has to be substituted in the flash-tempera- 
ture condition to follow, which expresses that the rise of tem- 
perature, 4, of rubbing surface No. 1 at any given abscissa x 
should be equal to that &, of the opponent point at the other 
rubbing surface No, 2 at the same abscissa (0 <2 <B, where B 
stands for the length of the film, as in Fig. 1 of the paper) 


=t [34] 


where (take the indexes | and 2 alternatively } a 
B 


Ar £) Qa, 2\dé [35] 


In this expression the following notations, supplementary to the 
authors’ nomenclature, have been used: 


= heat conductivity of materials of rubbing surfaces 
Nos. | and 2, respectively 

= thermal diffusivity of solid materials concerned, where 
a is defined by A/pe and p denotes density and c 
represents specific heat per unit of mass (thus pc is 
specific heat per unit of volume) 

modified Bessel function of second kind and of Oth 
order (note that the straight brackets mean that the 
absolute value of the argument has to be taken) 

heat absorbed per unit of area and per unit of time by 
rubbing surface No. 1, respectively, No. 2, at vary- 
ing film sections £, considered in integrand 


7 Further there is the condition 
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where q is given by Expression [33]. 

The use of the set of Conditions [33] up to and including [36], 
instead of the authors’ Condition [10], distinguishes the present 
problem from theirs and results in a much more complicated 
Fortunately, in cases representative of hydro- 
dynamically lubricated tooth faces, the most complicated con- 
dition, that is Condition [35], can be simplified considerably. In 
such cases the “Péclet’’ dimensionless parameters U,B/a; and 
U.B/a, are sufficiently great (say, greater than about 10) to 
justify the following approximation of Condition [35] 


where b denotes the “thermal-contact coefficient”’ of the rubbing 
solid concerned,’ that is 


evaluation. 


.. (37) 


hie 


= + byw s'/*) 


that 


where q is given by Expression [33]. 

Even so, the flash-temperature problem of hydrodynamic lu- 
brieation remains rather complicated. So far only two particular 
cases have been evaluated numerically, as follows: 


1 The case of a parallel oil film with viscosity dependent on 
temperature but not on pressure, and where, just as in the au- 
thors’ case, one of the rubbing surfaces was considered to be 
stationary relative to the oil film. Prof. B. L. van der Waerden 
gave expert and substantial assistance in the evaluation, which 
was carried out in 1946. 

2 The case of an oil film with a shape representative of the 
curved oil wedge between the mating teeth of straight spur gears 
with viscosity not only independent of pressure but also of tem- 
perature and where the tooth faces are considered to be perfectly 
rigid. 

So far the results for neither case have been published because 
they were not considered to be sufficiently representative of cases 
But parties interested are well advised to 
work out more representative cases. 

Finally, Equation [37] can be used for verifying in a compara- 
tively simple way (by direct integration of Equation [37]) 
whether or not in known solutions, which formerly have been 
worked out under the assumption of flow in the oil film being 
either adiabatic or isothermal, the assumption can be upheld. 
For this particular purpose, q: or g2 in Integral [37] is taken 
identical with the one following from the known solution in con- 
junction with Equations [33] and [39]. 

The following references pertaining to the subject are given in 


in actual practice. 


addition to those of the paper: 


11 “On Convection of Heat,”’ by H. A. Wilson, Proceedings of 
the Cambridge Philosophical Society, vol. 12, 1904, pp. 406-423. 

12 “tude théorique du Régime thermique Pendant la Soudure a 
l'Are,”” by D. Rosenthal, Comptes Rendus du Deuxiéme Congrés 
National des Sciences, Brussels, Belgium, vol. 2, 1935, pp. 1277-1292. 

13. “Beitrige zur Kenntnis der Gleitlagerreibung,’’ by G. Vogelpohl, 
VDI Forschungsheft No. 386, VDI-Verlag, Berlin, Germany, 1937. 

14 “Surface Temperatures Under Extreme-Pressure Lubricating 
Conditions,” by H. Blok. (English translation, obtainable from 
author, of paper originally read in French before Second World 
Petroleum Congress, Section IV, Paris, France, June, 1937.) 


D. F. Wivcock.* This paper offers the opportunity of checking 


7 Instead of Expression [37] one can also use its inversion or, say, 
its solution when it is conceived as an integral equation of Abel. 
8 Bearings and Chemistry Section, Thomson Laboratory, General 
Electrie Company, West Lynn, Mass. Mem. ASME. 
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analytically the combined influence on the performance of bearing 
elements of the temperature and pressure effects on viscosity. 
The special Research Committee on Lubrication of this Society 
has now completed measurements of the effects of pressure on the 
viscosity of a very wide and complete range of both natural and 
synthetic oils and fluids. 

In many practical cases, such as bearings and gears, the vis- 
cosity increase due to pressure may very largely be masked 
by the viscosity decrease due to the temperature rise resulting from 
the heating of the lubricant film. Asa result, the practical evalua- 
tion of the importance of the pressure coefficient is a difficult 
one which may involve very extensive machine-element testing. 

This paper affords us a clear-cut mathematical technique by 
which the combined temperature and pressure effects may be 
computed. It is suggested, therefore, that the authors consider 
some additional computations designed to demonstrate the 
effects which will occur when: 


(a) Oils are compared which have the same 
coefficient but widely differing pressure coefficients. 
(b) Oils are compared which have temperature and pressure 
coefficients which vary in accordance with the Kiesskalt correla- 
tion. 
(c) Oils are compared which have widely differing tempera- 


ture coefficients but about the same pressure coefficient, 


temperature 


Each of these cases can be met approximately in practice by 
proper choice of fluids, although case (b) is undoubtedly the most 
common, 
his 
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Professor Blok’s work-rate Expression [33] as it applies to the 
slider-bearing problem (U2, = 0) can be obtained immediately 
from the energy equation utilized in this paper. The left-hand 
side of Equation [8] represents the rate at which mechanical work 
is done on the lubricant per unit film area by both the pressure 
forces and the shearing force exerted by the moving surface. 
This by definition is the work-rate. Substituting dp/dx from 
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Equation [7] into this work-rate expression, the form of 
Blok’s Equation [33] is obtained. Equation (10] in the authors’ 
earlier paper (5) contains an expression for the work-rate with 
side-leakage considered. 

In the adiabatic-flow case considered in this paper all of the 
work done on the lubricant is stored in it as internal energy. In 
the isothermal-flow case considered elsewhere (1, 2) none of this 
work is stored as internal energy in the lubricant; it is all con- 
ducted away as heat by the slider and bearing. In the inter- 
mediate case proposed by Professor Blok the work done on the 
lubricant is partly stored as internal energy and partly con- 
ducted away, the distribution being such that the temperature of 
the slider surfaceat a given abscissa equals the oil temperature and 
the bearing-surface temperature at that abscissa (see Blok’s as- 
sumption 3). Professor Blok’s Equation [36], which, strictly 
speaking, is only true for the isothermal-flow case, is incomplete 
for this intermediate situation. An extra term should be added 
to the right-hand side to represent the energy stored in the lubri- 
cant per unit film area and per unit time. The inclusion of this 
term would greatly complicate the problem and there are reasons 
(see reference 3, p.206) to suspect that a solution to this more real- 
istic situation would not differ 
case treated in this paper. 

The authors question the validity of Mquation [35] for the 
problem in hand on the basis of its behavior when U, is set equal 
to zero, and because the limits of integration do not seem to be 
applicable to the bearing surface 

The authors believe that the techniques developed by them for 
the solutions of slider lubrication problems when pressure and/or 


appreciably from the adiabatic 


temperature effects on viscosity are considered, lend themselves 
to ealeulating-machine procedures. If they had access to digital 
calculating machines, they could follow out the suggestions of Dr. 
Wileock, but to attempt this with ordinary desk equipment 
would be too laborious a task for systematic treatment covering 
the whole field. However, these calculational procedures are 
fairly easy to carry out in any individual case. They hope that 
the opportunity to carry out this work will soon be available. 
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In an earlier paper (1)° the authors developed an exact 
solution of the Reynolds equation for the slider bearing 
when the film thickness varied in an exponential manner. 
It was shown that this solution could be used as an ap- 
proximate solution for the plane inclined slider, with 
good accuracy. 
pressure, total load, friction force, oil flow, and side leakage, 
and center of pressure were easily calculated from series 
which converged rapidly for all values of the parameter 
involved. It is the object of the present paper to develop 
a similar solution for the sector thrust bearing with side 
leakage for which no reasonably practical solution exists 
at the present time. 
had in the past to analog solutions (2), numerical solu- 
(3), or approximations by means of analogous 
problems (4). 
dimension or parameter may necessitate a completely 
new solution, while in the others it is difficult to get good 
accuracy. 


Furthermore, the expressions for the 


For that reason recourse has been 


tions 
In the numerical case any change in a 


VENUE solution for the sector thrust bearing with side leakage 
to be developed, as before, will result in rapidly convergent 
series, and no trouble will be experienced in applying the 

results to a bearing having any values of the parameter. 

It will be found convenient to use polar co-ordinates. 
forming the Reynolds equation to this svstem vields (4) 


h? hs = 6urw 


where r and @ are the polar co-ordinates of a point on the bearing, 
Fig. 1, p is the pressure; A is the film thickness; pw is the coefficient 
of viscosity, assumed constant; and w is the angular velocity of 


Trans- 


the rotor, assumed constant. The same assumptions have been 


made here that are usually taken in the Reynolds theory, con- 
stant viscosity, inertia of fluid neglected, pressure and velocity 
dependent on r and @ alone, and so on. 

The pressure is assumed zero on the periphery of the sector 
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THurory 
In order to take into account «a variation in film thickness in 
both the radial and transverse directions, it will be assumed that 


h = [2] 


where a, 6, and @ are known constants which are determined from 
Equation [2] is suffi- 
ciently broad to take all practical cases into account, 


a given variation in the film thickness. 


These constants a, b, and @ may be interpreted in a general 
way. If @ is taken to be zero the bearing is flat in the radial 


direction and the film thickness reduces to 


where a and 6 are determined from the inlet and outlet thick- 
nesses, The constant b thus measures the upward sweep from 
outlet to inlet in the transverse direction while @ is a measure of 
the radial change in film thickness. 
Substituting Mquation [2] into Equation [1] leads to 

2 
+ (Sa@ + I)r + 3b 2, — 200 


r 
or? or of at 


. [3] 


To solve this equation, the solution is sought as the sum of a 
To find the 
particular solution p;, it can be seen by inspection that it will be 
of the form 


particular solution and a complementary function, 
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where f(9) is a function of 6 to be found. Substituting Equation 
{4] into Equation [3] there results the ordinary differential equa- 
tion 
+ 3b - + 2)f(0) = — 20 15] 
a? 
The solution of Equation [5} for (4) will itself consist of a par- 
ticular solution and a complementary function. 
Let 

f(0) = Me? ... [6] 


where f, is the particular solution of Equation [5]. 
It is found on substituting Equation {6} into Equation [5] that 


Spwh 


a®? + (a@ 


f(0) = 4 2)° 


b? + (1 + a) 


® and sub- 


The complementary solution f,(@) is of the form e™ 
stituting this into Equation [5] with the right-hand side set equal 


to zero, it is found that 


m? + l(a +2) = 0 18] 
Three arise 
Qh? 
(a) 21 a2 + a) 
| 
Qh? | 
(b) 21 a2 +a) = 
Ob? | 
(c) 2(1 a2 +a) < 
4 | 


As a general rule 6 will be less than unity so that case (a) is the 
most important, one. However, for the sake of completeness, 
resulta will be given for all possibilities. 

Case (a). For convenience, let 


per 


Then combining the particular and complementary solutions 


(0) = f,(0) + f(0) = M 2 2 ain 79 


+ Cre cos 


where the value of M may be seen from Equation [7]. The con- 
stants C, and (, will be evaluated from the boundary conditions 
which are so chosen that on 


6=0, (0) =0 
{11} 


and on 


Introducing Equations [11] into Equation [10] it is found that 


cos 73 ‘ 
sin 
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Case (b). The same particular integral, Equation [7], applies. 
The complementary solution yields 


3b 
6 


and applying the boundary conditions Equations [11] there 
results 


= 1 
bp 
Cc = 


The particular integra] is again the same while the 
complementary funetion is of the form 


3b 36 
where 


21—ay(2 + «| 
Applying the boundary conditions gives the following values for 


the constants 
b 
GG 


D 


One more special case remains to be investigated. It was 
assumed earlier that b? + (2 + a\(1 a) in finding the par- 
ticular solution. However, if the equality does hold, going back 
to Equation [5] it will be found that 


a 


= — j17] 
In this special case the complementary solution is to be found 
from Equation [5] which reduces to 


Using the standard procedure the solution of the foregoing is 
found to be 


= + 2° 19} 


and combining this with the particular solution, it is found that 


Ouw 


Coe 248) 20) 
a’ 


= 25? + 4 


The form of the constants has been changed slightly for con- 
venience. Using the boundary conditions, Equations [11] lead to 


(21) 


and these may be substituted back into Equation [20]. 
The results of finding the particular solution of Equation [3], 
namely, p, = r~?2*+? f(@) may b® summarized as follows 


Wes 
, 
4; 
4. 
| 
(G+s)s 
and <= 
(= | 
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. _ 300 oa ] it being assumed that k > 36/2. This will be verified in the 
f(0) = M 4 2 gin —e 2 cos following. 

Ob? —_ Also the solution of Equation [25] is easily shown to be 
—— < a\(2 + 3 3 
ve + = Vat 
( 2 \ 4 4 \ 4 +h) 


= A’r [28] 


Thus the complementary solution may be written as the sum of 
the products of Equation [27] and Equation [28]. 

The final step in obtaining the solution is evaluating the con- 
stants and the allowable values of k, from the boundary condi- 
tions. 

Use first the condition p = 0 on @ = 0, and note that p = p, + 
Po. The previously used condition that the particular solution p, 
is zero on @ = 0, results in p,» = 0 on 6 = O and consequently 
D=0. 

Also using the condition p = 0 on @ = 8 and remembering that 
p, Was made to vanish on 6 = 8, leaves only p, to be made zero on 
6 = B. This leads to m8 = nw where n is a positive integer, 


Solving, there results 


| 


with the notation ‘ 
— and it is seen that the condition k > 5b 2 used previously is 


satisfied 
et Spal Co” yB—e * Two other boundary conditions remain to be imposed, namely 
Ifa +2) sin y8 


p=0 on 
and 
he 
= 21 a\(2 +a) p=0 on i 


It will be convenient at this point to introduce the notation 


There remains the complementary function pz, of Equation [3] 


to be found. This is the solution of ree a a 
+ Using the last boundary conditions first along r = 7; 


+ (3a 4 + + 3 
« 2 nw _9 » 
sin 3 (A,ri"" t zat? 79) =O {31} 


1 


Here the standard treatment by separation of variable will be n 
used. which may be written 
Let p. = RO where # is a function of r alone and 9 is a function = 
3 
> > 2 
-2 } sin e f(0). (32] 


of alone. Substituting this back into Equation [23], it is found 
(A ron +la 
8 


that 


= [24] Multiplying both sides of this equation by sin and in- 

tegrating with respect to @ from 0 to @, eliminates all terms exeept 

from which follow the two ordinary differential equations to be those in A, and B, due to the fact that 
examined 


ifm tn | 


— 


+ (3a + — = 0... / 
3 3 
0 


This leads to 


The solution of Equation !26] may be written ’ . 


and 


(C sin + D cos mb) where 


and 


3 for 4 = 21 + a) 
d 
4 - * 
wl 260 2 “)e 2 ) ] : 
2 ,— bp 
~ 
Ty 
(331 | 
where = 9, + 2a-—-2 
h,’ =h, + 2a 2 
- 
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B 
2 nw 
= f(0) si d6 
e* f(@) sin 


Similarly, the condition p = Oonr = rz leads to 


Solving Mquations and [35] for A, and B, 


“A, 
> 


ryh'n 


Aly 
B, = 
ar 


The general solution is now 


ryo'n 


pm 8) 4 sin + . [37] 

n 


and B, given by 
Mquations {22} for the Various Cases, 


" remains to find the 


where A, ire given by Equations [36], f(0) is 


integral 
The integration is 


For purposes of calculation, 
entering into the expressions for A, and B,. 
straightforward and only the vadena will be given for the various 


cases treated previously 


Case (a) — 


2M 


cos 
("ry 


where VW, OC), and y have the same meanings as before, 


Case (hb) 


Case 


2 


where VM, S, 1), and Ds. have been defined before. 
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The remaining special case occurred when b? = (2 4+ a@)(1 
Here 


Bat 


OPERATING Factors 


1 Total load W 


Substituting the general value of p as given by Equation [37] into 
Equation [42] results in 
2at+4 


2a +4 


where 


The variety of forms taken by {(@) for different ranges of the con- 
stants are given by Equations [22]. The corresponding values 


of the integral J; are given by the following: 


Case (a) Ob7/4 < 201 + 


Jt 
( sin y3 cos v8) + 
‘ 3b 3l 
2 (- — ain v8) + 


=> 
ak 
: 
“an 
>) 3 
| [ ] 3 
(—1)% 2 —1] 4 x 
b6 ] bp 
3 [ | 
op 
= 
= 
phn +2 308 
( =) [43] 
a 
> 
‘a 
1 
2 an? 
(2) 
(—1) ? l (—1)"e** (b) = 201 a)(2 + a) 
2 + Dy 
Wie 
9 
10| _ ba 
2 
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> 2(1 a)(2 + a) where cos 6f(0) dé 
/0 
The integrals given by Equations [52] and [54| are straightfor- 
ward calculations and will be evaluated in the numerical example 
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=~ 


which follows. 
A special case arises if a@ 
right-hand sides of Equations [51| and [53] becomes 


5/2 whereupon the first term on the 


For the special case b? = (2 + a)(l —a@ 

' ) _ 3 Frictional moment T. The friction force is given by 


7; = 
2 = 
2r 


a’ 
208 (1 + and as before h = ar%e, 
2h The frictional moment is 


— if a = 2, the first term on the right of Equation [43] 


must be replaced by 


rw 
) dr dé [57] 
h 


2 Center of Pressure 
a ee f This may now be written 


Wa pr cos Ordrdé 1 / (" 4 dr (58! 


pr sin Ordrd@ | 


ab 
Again substituting the value for p as given by Equation [37] 2 / / : 
into Equations [50] yields the co-ordinates of the center of pres- . - 


sure. These are found to be 
pont3 


In + 3 


| 3b ( nT ; 
Cos sin + 
2 Or 4 3 ) 


(2 ) (= ) 
+1 
2 8 


3h 
sin 3 ( 
9 


‘ 
: 
| 
a+ 1 ,b6 pdé + Mw - bp r? 
a b a+ 44, 
1 
cos 1)sin 8} + + 
& - 2 8 ) 
3 + 8 + 1 tye B ( 1) com a| 4 (= / 
~ 
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except when @ = 4 in which case the bracket in the last term be- 


comes [Inr]’? upon integrating the first term by parts. This 


becomes 


~at+4 


abr, 
bb) 


t+ ar+2 


Case (a) 


/, = M 


, 


( 


] 


\ 
+ ¥ sin 78 ) + = 62] 
2 


And for the special case b? = (2 + a) (1 — 


bp 


1 Onl Flow Q, Side leakage Q,, and Outflow Qo. 


is given by 
hs 
l2ru 00/4 


OF + 

(65) 
The oil flow 


[66] 
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ap ¢ 


4 
4 B 


Substituting into Equation [66] the value of h from Equation {2}, 
the value of p from Equation [37], and evaluating 0p/00 at 6 = 8 
leads to 


3 3b8 . 
Q = — — - 


on+3a—1 
2 1 


In + 


+3a—1 
) {67] 


h, + 3a—1 


+ 


: The side leakage Q, is found to be 


=— | + | dO 
Jo Or 12 Or 


[68] 
Evaluation of Equation [68] leads to 

0 


3a ro” + 3a) 


12 


+ Bh (rin +8e 


rin +3a)) 


out by two other methods. Brand (3) has worked out by use of 
the relaxation method, the case of a 45-deg ‘“‘square’’ sector and 
has compared his solution with the one for the corresponding 
tinite rectangular slider. The same problem will be worked out 
here and the results compared with both of the solutions discussed 
by Brand. 

The film thickness is assumed to vary with 6 alone; thus a = 0 


and 


he ratio of the outside radius to inside radius is such as to make 
the radial dimension of the pad equal to the are length at the 
mean radius, Consequently, Fig. 1 


‘ = 
= 
4@, 
i 
ao 
bat+at+3 h 
+3 — p fate 
2 h, + a 
fo = 
( 
|| 
; 
_ 
= + 
b 
= “4 bp ry = 36,8 
2 3) 
[ (-3+ | And finally the outflow Q» is given by 
| Qo =Q—Q, 
D. NUMERICAL EXAMPLE 
® 


4 R 
re n= 2R 
Te = 1.393 Rand = 0.607 R ad [72 


Aleo h;/hg = 2, thus at 
6=0, h=a 


from which 


bB = Inhy/he 


4 

In2 = 0.883, Case (a). 
Calculations for the basic constants result in 


M = 2.17 


hy? 


sin yB = 0.924; cos yB = 0.383; 


= 4.21 2 
hy 2) 3 = ~—).416 h? 
2.21 
A; = 0.1990 B, = 0.01576 
h.? 


Calculations involving n 2 and higher terms show that these 
terms are negligible in comparison with the terms for n = 1. 
Substituting in Equations [43], there results 


4 
73] 


From Equation [60] the value of the frictional moment is found 
to be 


pwk* 


Similar calculations were carried out for other ratios of hy/hg 
and the results are summarized in Tables 1 and 2, and shown in 
Figs. 2 and 3. 

In order to compare these results with those of Brand, note that 
the results are given in that paper in terms of Hg which is the 
film thickness which corresponds in the present treatment to the 
thickness at 6 = 8/2. The relation between the two sets of 
results may be found from 


he = Hy - 
hy ‘hy + 


... [75] 


The total load coefficient C, and the frictional moment coefficient 
(7 are transformed, respectively, as follows 


pokes hy/he + 1\* 
( becomes C, | 


and | 176] 
hi/he + 1\ 
C,= becomes C; 
hz 2 Hy 


The values in the columns labeled Brand (3) and Norton (5) are 
both obtained from reference (3). 
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TABLE 1 TOTAL LOAD COEFFICIENT Cp 
hi/he k Norton Brand Present work 
2.00 0. 872 0.081 0 O81 0.0819 
2.50 1.122 0.113 0.116 0.1137 | 
2.85 1. 258 0.135 0.145 0.1352 
3 1.321 0.145 1 160 0. 1452 >; 


TABLE 2 FRICTION-MOMENT COEFFICIENT Cy 


2.00 0.872 0.66 0.80 
2.50 1.122 0.74 0.87 
2 2! 
3: 


Cp Tora/ Lood W* Cp “a 


sweet 


© Lquation 43 


2 

| 

G Fictianal Moment T Cf = = 

© £guation 60 | 

4 + Aor, | 

4 + + | 

| 

2 + - T = +—+- 

| 
‘ 2s» a « 40 t+ 44 14 46 
3 


It is interesting to note that in the case of the total load the 
exact solution for the sector thrust bearing having film thickness 
varying exponentially agrees quite well with the approximation 
obtained by using the solution for the slider bearing with a plane 
variation of film thickness. 

The agreement between the numerical solution of Brand and 
the exact solution here for the frictional moment is excellent 
The approximation used by Norton is in error mostly because of 
the assumed location of the center of pressure, the exact position 
of which is found in the next section 


CENTER OF PRESSURE 


If the calculations indicated in Equations [51] and [53] are 
carried out, it is found that for@ = Oandh = 4/3 


Rs 
w = —0.0365 


he 
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or 
0 875 

0 952 
ge. 

_|_ 
jar Bhond) 
| {mor 
A 
a | - 
| 

Ja 
tie 
1 
i 

= 

* 


deg. 


132 
and 


f= O0.910R, = O.323R 


The center of pressure is thus located at ? = 0.965 BR and 6 = 
In the usual approximation it is usually taken at? = FR. 
The foregoing value of 6 1/3 was selected because it simplified 
the calculations, the point at present being simply to show a 
comparison between an exact caleulated value of the center of 
pressure and the value usually assumed 


ACKNOWLEDGMENT 


The authors wish to thank Mr. John Boyd for his helpful advice 
during the course of this work 


BIBLIOGRAPHY 

! On the solution of the Reynolds Equation for Shider-Bearing 
Lubrication —I," by A. Charnes and EF. Saibel, Trans. ASME, vol. 74, 
1952, pp. 867-873 

2 “On Problems in the Theory of Film Lubrication With an Ex- 
perimental Method of Solution,”” by A. Kingsbury, Trans. ASME, 
vol. 53, 1931, pp. 59-75. 

3 “The Hydrodynamic Lubrication of Sector-Shaped Pads,"’ by 
RK. 8S. Brand, Trans. ASME, vol. 73, 1951, pp. 1061-1063. 

4 “Studies in Lubrication, VII The Lubrication of Plane Sliders 
of Finite Width,”’ by M. Muskat, F. Morgan, and M. W. Meres, 
Journal of Applied Physics, vol. 11, 1940, pp. 208-219. 

5 “Lubrication,” by A. E. Norton, McGraw-Hill Book Company, 
Ine., New York, N. Y., 1942. 


= 
~ 


The Parallel-Surface Slide: 


By 


OSTERLE,? A. CHARNES 

Treating the density of the lubricant as a function of 
temperature and the viscosity as a function of pressure 
and temperature, the problem of the parallel-surface 
slider bearing without side leakage is solved exactly for 
the case of adiabatic flow. The theory permits rapid 
evaluation of the maximum film pressure, the point in the 
film where the maximum pressure occurs, the film tem- 
perature at this point, and the film temperature at outlet. 


INTRODUCTION 


HE Reynolds theory of slider-bearing lubrication (1) re- 

quires that the thickness of the oil film separating the two 

surfaces decreases in the direction of oil flow if a load normal 
to the film is to be supported. It is apparent, therefore, that this 
theory fails to account for the experimentally observed load-carry- 
ing capacity of the parallel-surface slider bearing. 

Fogg (2) explained this discrepancy by observing that the 
Reynolds theory assumes constant lubricant density while 
actually the density decreases materially in the direction of oi] 
flow as a result of the temperature rise induced by viscous fric- 
tion. Shaw (3) and Bower (4) showed that if the Reynolds lubri- 
cation theory is modified to include the effects of variable density 
and the density is considered to decrease in the direction of oil 
flow, a load-carrying capacity is predicted for the parallel-surface 
slider bearing. In his analysis, Shaw (3) considered constant 
viscosity and an arbitrary linear variation of density with dis- 
tance in the direction of oil flow. Bower (4) allowed arbitrary 
linear variations of both density and viscosity. 

However, as Blok (5) points out, the density and viscosity varia- 
tions cannot be specified arbitrarily but must be considered 
governed by an ‘‘energy'’ equation. Cameron and Wood (6) 
analyzed the problem from this standpoint; but, 
covered by the present authors in a recent paper (7), they used an 
incomplete energy equation. To the authors’ knowledge, ref- 
erence (6) has never appeared in print. The nature of its con- 
tents has been derived from reference (8), Cope (8) presented an 


as was dis- 
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analysis of the problem using « correct energy equation but re- 
taining the linear density-variation assumption of Shaw (3) and 
Bower (4). 

In this paper the problem of the parallel-surface slider bearing 
is solved exactly with both the density and viscosity variations 
governed by the energy equation. 


Basic EQUATIONS 


The steady flow of a viscous fluid between parallel surfaces close 
together and in relative tangential motion is governed by the so- 
called Reynolds equation which can be written 


= 4 0 | 
} 
. 
with 
wh h® op 
2 Or 
h® Op 
where 
qy, = lubricant flow in x-direction per unit length in y-direc- 
tion 
q, = lubricant flow in y-direction per unit length in z-direction 
(’ = velocity of moving surface in z-direction 
h = film thickness 
p = lubricant density 
= Jubricant viscosity 
p = Jubricant pressure 
r, y = co-ordinates in plane of fluid film 


Implicit in the Reynolds equation are the assumptions sii it the 
inertia and weight of the lubricant are negligible and that the film 
is so thin that the pressure, density, and viscosity ure essentially 
constant throughout its thickness. If the density and viscosity 
of the lubricant are considered functions of pressure and tempera- 
ture, this latter assumption implies that both the pressure and 
temperature are constant throughout the film thickness, 

Cope (8) cites reasons for believing that the lubricant flows 
The energy equation 
governing this adiabatic flow can be formulated (as shown in 
reference 7) by equating the work done on an element of the fluid 
(of volume h dx dy) by the shearing force exerted by the moving 
surfaces and the pressure forces exerted by the surrounding fluid, 
This energy 


“adiabatically” between the two surfaces, 


to the increase in the internal energy of the element. 
equation is 


op op ( or 
S,l + Wy +% =) | 
with 


it. 


|, 
a. 
: 
: 
“a 
a 
‘Ay. 
- 


where S, is shearing force per unit film area exerted on Jubricant 
by moving surface, and e is lubricant internal energy. 

Implicit in the energy equation is the assumption that the work 
of expansion of the lubricant is negligible. The internal energy is 
considered « function of pressure and temperature and, therefore, 
is assumed constant throughout the film thickness. 

expanding the energy equation and rearranging, there results 


ul? ( oe Oe ) 
| or oY P\ Or oy 


h 
This form is identical with the energy equation used by Cope (8). 
It is now necessary to formulate the laws governing the varia- 
tions of density, internal energy, and viscosity with pressure and 


temperature, 

The pressures usually encountered in parallel-surface slider- 
bearing lubrication are not great enough to affect the density ma- 
terially. As to the effect of temperature on density, Bearce and 
Peffer (9) report that the density of most lubricating oils varies 
linearly with temperature, decreasing about 2 per cent for a 50- 
deg F temperature rise. It may readily be checked that for a 
reasonable temperature range the following formula is a very close 
approximation to this relationship and as such will be used in the 


work to follow 


N 


Pp = 


where po is the density of the lubricant at entry and ¢ is the 
Jubricant temperature measured above the entry vaiue. 

The internal energy will be assumed independent of pressure 
The internal-energy equa- 


and linearly related to temperature, 


tion is then 


+ ct [5] 


= 


where é is the internal energy of the lubricant at entry and ¢ is 


the specific heat. 
An adequate representation of the variation of viscosity with 
pressure and temperature in lubrication problems was shown (10) 


to be 


{6} 


where go is the viscosity of the lubricant at entry and p is the 
lubricant pressure measured above the entry value. 

Now, the Reynolds Equation [1] and the energy Equation [2] 
or [3] with the density, internal energy, and viscosity given by 
Equations [4], [5], and [6], respectively, represent a system of 
simultaneous equations in pressure and temperature as the two 
unknowns. 


Tue INeinrrecy Wipe Siiper 


Neglecting side leakage is equivalent to considering a slider of 
For this case the Reynolds Equation [1] reduces 


Th ph* dp 
2 12u dr 


and the energy Equation [3] becomes 


h 12u 2 12u dr 


Integration of Equation [7] leads to 


infinite width. 
to 


d 
dx 


puh 


where p,, is the density at the point in the film where the pressure 
is a maximum; i.e., the pressure gradient (dp/dz), is zero. The 


ph? dp p,Uh 
l2u dr 
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subscript m henceforth will refer to conditions at this point. This 


last equation can be rewritten 


ude 
Substituting Equation [9] and the internal-energy Equation 
[5] into the energy Equation [8] and rearranging, there results 


1 dt [ a(1 te)" | 


[9] 


From the density Equation [4| we can write 


{10} 


In all cases of practical importance, only the first two terms of this 
series need be considered so that :quations [9] and [10] reduce to 


and 
| adi 2l 


respectively. 
Introducing the viscosity Equation [6] into Equations [11] and 
{12} and rearranging, there results 


dz 
UU 
dx 


respectively. 

We can simplify the analysis and yet retain the ability to 
characterize the maximum error obtained if we note that in inte- 
grating Equation [14] if exp (ap) were replaced by a lesser 
(greater) value we would obtain a lesser (greater) value for exp 
(Bt) and hence t. Now, the quantity exp (@p) in Equation [14] 
varies between unity and exp (ap,,). The pressures usually en- 
countered in parallel-surface slider-bearing lubrication are such 
that this variation is small. If exp (ap) is replaced by a, a con- 
stant, Equation [14j can be integrated readily, yielding the 
following temperature equation 


(= In (1 + akx) | 


where it has been noted that / = 0 when rz = 0. Substituting this 

temperature into Equation [13] and integrating, there results the 
following pressure equation 

Sadcp,, l 4 
+ “Pm apm (1 ) [16] 
1 + akr,, 
where it has been noted that p = p,, when z = z,,. 

If a is set equal to unity, the minimum value of exp (ap), the 

temperature distribution given by Equation [15] will bound the 

actual temperature distribution from below. Since pressure varies 


directly with viscosity and viscosity inversely with temperature, 
the pressure distribution given by Equation [16] for. this value of 


T ake 


| 
le 
lr 
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a will bound the actual pressure distribution from above. If a is 
now set equal to exp (a@p,,), the maximum value of exp (ap) 
where the maximum pressure predicted by the upper-bound pres- 
sure distribution is substituted for p,,, the temperature distribu- 
tion given by Equation [15] will bound the actual temperature 
distribution from above. The pressure distribution given by 
Equation [16] for this value of a will bound the actual pressure 
distribution from below. Thus, in this way, close upper and 
lower bounds can be established for the pressure and temperature 
in the oil film. 

The three quantities z,,, p,, and ¢,, are still unknown; but, 
since Equation [15] relates ¢ and z, there are really only two un- 
knowns. There are two boundary conditions available for the 
determination of these unknowns, namely, p = 0 when z = 0 
and « = B where B is the slider length. Eliminating z between 
Equations [15] and [16] we have 


3aXc 
+ Pm (t—t 


P— Pm) =] 
2a 


)? 


For both this equation and the boundary conditions to be satis- 
fied it is easily seen that it is necessary for 4, the temperature rise 
from inlet to outlet, to be twice t,,, the temperature rise from inlet 
to the peint in the film where the pressure is a maximum, Intro- 
ducing this relationship into the temperature Equation [15] 
solved for t, there results the following equation for ¢,, 


t 


1 
= 2p In (1 + akB) {18} 


Equation [18] is implicit in ¢,, since ¢,, is contained in k. 
Once t,, is known, Equation [15] written in the form 


h?cpo 


—Nm (,Btm 1) 19 


can be solved for x,, and Equation [17] applied to either end of the 
slider vields the following expression for p,, 


l 3aXdcpo ) 
= In {1 —Mm 20 
n ( e {20} 


With ¢,,, 2, and p,, known, the temperature and pressure Equa- 
tions [15] and [16] are now complete. 

The foregoing method for determining the pressure and tem- 
perature distributions in a parallel-surface slider bearing with no 
side leakage will now be illustrated by a numerical example. 


NUMERICAL EXAMPLE 


Consider a parallel-surface slider bearing operating under the 
following conditions: 


Bearing length(B) = 2 in. 


> = 
|) Bearing velocity (U) = 800 ips 
Film thickness (h) = 0.001 in. 


If it is further specified that the lubricant is « medium oil enter- 
ing with a viscosity of 9 microreyns and a specific gravity of 0.90, 
the following additional properties are reasonable: 


~ 


0.45 Btu per Ib deg F (4200 in-lb per Ib deg F) 
a@ = 15 X sy in. per Ib 
$ 8 = 2.5 X 10°? per deg F 

= 4.0 x 10-4 per deg F 


4 
= 
The solution of this problem by the method presented in this 


paper is summarized as follows: 


1 With @ set equal to unity, there results the following values 
of the parameters /,,, and p,,: 


> 
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= 37.0 deg F a 
z, = 0.568 in. 
Pm = psi 


If we were to insert these parameter values into the pressure and 
temperature equations, expressions would result which would 
bound the pressure distribution from above and the temperature 
distribution from below. 

2 With a set equal to exp (a@p,,), p,, taken from above, the 
following set of parameter values results: 


t,, = 37.25 deg F 
= 0.565 in. 


This set of parameter values would lead to expressions which 
would bound the pressure distribution from below and the tem- 
perature distribution from above. 

3 The bounds now established on the pressure and tempera- 
Using average values of the 
parameters, the pressure and temperature distributions shown in 
Fig. 1 are obtained. 


ture are seen to be quite close. 


120 120 


PRESSURE 


(Psi) 


40 


Fic. | Pressure anp Distributions 

According to Shaw (3), parallel-surface slider bearings are gen- 
erally designed for average pressures in the neighborhood of 50 
psi. In this example the operating variables (U, B, and h) are 
chosen so as to produce « pressure distribution approximately of 
this order of magnitude, For these operating variables and an 
average pressure of 50 psi, the Shaw analysis (3), in which vis- 
cosity is assumed constant, predicts a temperature rise of only 16 
deg F. The fact that the more complete theory predicts a tem- 
perature rise of about 74 deg F emphasizes the importance of tak- 
ing the variation of viscosity with temperature into account, 

The analysis presented in this paper has shown to what extent a 
density decrease in the direction of oil flow is capable of producing 
a load-carrying capacity. In the parallel-surface slider bearing 
this “‘density-wedge”’ effect is solely responsible for the existence 
of a load capacity. The density-wedge effect is present also in 
the inclined-surface slider bearing, acting here to augment the 
“film thickness-wedge”’ effect. A semiquantitative comparison 
of these two effects will now be made 

The load capacity produced by the film  thickness-wedge 
effect alone, can be determined approximately from the constant- 
viscosity equations of Norton (11) if an average viscosity is used. 
Applying these equations to the foregoing numerical example, it 
was found that the density wedge there is roughly equivalent to 
a film thickness wedge in which the inlet to outlet-film thickness 
ratio is 1.04, Since film-thickness ratios of 2 or 3 are common in 
inclined-surface slider bearings it is evident that the density- 
wedge effect is much less able to produce a load-carrving capacity 


4 
ai 
| 
80 — 60 
TEMPERATURE 
(DEG F) 
/ 
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than the film thickness-wedge effect. This statement is in 


agreement with the fact that inclined-surface slider bearings 
generally are designed to support about 10 times as much load as 


parallel-surface slider bearings (3). 
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xperiments 


Experiments were made to determine the load-carrying 
ability of water-lubricated, tapered-land, carbon thrust 
bearings. Nine different bearings having various com- 
binations of radial and circumferential tapers were tested. 
As was expected, the degree of taper had a profound ef- 
fect on performance of those bearings tested. One de- 
sign was able to carry a load of 110 psi (present load limit 
of test machine) at speeds of 860, 1725, and3450rpm. The 
lubricant used in this test was distilled water. The range 
of its viscosity was from 0.72 to 0.96 centipoises. 


INTRODUCTION 


ith the advent of sealed pumps utilizing carbon bearings, 

the need for design and performance data on water- 

lubricated thrust bearings became vital. It is recognized 
that the tilting-pad thrust bearing is more efficient over a greater 
range of loads and speeds. However, for the application in- 
tended, the loads were light and speeds moderate. Because an 
extremely brittle material, carbon, was designated for the bearing 
service, and because space limitation called for simplicity of de- 
sign, the decision was made to explore the possibilities of the 
tapered-land thrust bearing. 

The work of Linn and Sheppard,? Fogg,’ and Bower‘ has 
proved the practicability of oil-lubricated, fixed-land thrust bear- 
ings. Performance data with water lubrication, where the vis- 
cosity may be as low as '/¢ that of oil, were not available and a 
series of experiments were undertaken. 

Nine designs were proposed in which the variables were circum- 
ferential and radial taper. From preliminary tests made on the 
bearing reported herein, in which four, six, eight, and twelve 
lubricant grooves were tried, it was found that the six grooves per- 
formed the most satisfactorily. It soon became evident that 
machining tapers to the accuracy desired could not be aec- 
complished with standard machine tools. The solution was a 
scraping jig, which could produce tapered surfaces to the degree of 
precision desired. 

Tests were carried out using distilled water at room tempera- 
ture, at four speeds and various loads. 
thickness were made using air-gaging. 


Measurements of film 
However, owing to vibra- 
tion, alignment troubles, and thermal effects, the results were in- 
accurate and have not been reported. Lacking correct  film- 
thickness measurements, which would be a better criterion of 
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bearing performance, data were obtained for the coefficient of 
friction and the ultimate load-carrying capacity, It was decided 
to proceed using the latter experimental data for the performance 
criteria. Techniques are now under development with air-gaging 
to permit direct readings of film thickness to an accuracy of 
+0,00002 in. 


DeScCRIPTION OF BEARINGS 
«x 


The bearings used in this test were unidirectional and were 
manufactured from a commercial-bearing grade of carbon. The 
properties of this material are listed in Table 1. 


PABLE |) PHYSICAL PROPERTIES OF CARBON 
Compressive strength, psi 18,000 


Coefficient of thermal expansion, in/in deg F.. 
Average scleroscope hardness 
Crystal size (x-ray diffraction), A® 155 


1.5 10-* 
5 

These bearings were all in form of flat rings, '/2 in. thick, 24/4 in 
OD, 1°/, in. ID. Each ring was provided with six lubricant- 
distributing grooves, '/s in. wide in, deep, extending 
radially from the inner cireumference to within '/3. in. of the 
outer periphery. The leading edges of six lands were beveled 45 
deg, leaving a '/ »-in. chamfer at the beginning of each land. To 
produce the nine different test bearings, two design factors, (a) 
the radial taper, and (6) the circumferential taper, were varied as 
indicated in Table 2 in which the bearings are designated by a 
letter and a number, A, B, and C represent three different radial 
tapers; and 1, 2, and 3 represent three different cireumferen- 


tial tapers. Fig. 3 shows the various types. The description of 


the jig used for scraping the taper is given in the Appendix. 


SCHEDULE OF TAPER 


Circumferential taper 
0.0003 in/40 deg 0.0005 in/40 deg 0.001 in/40 de 


TABLE 2 


Radial taper, im/in 


: 
0.0002 2 
2 


Descriprion or Test APPARATUS 


The test machine on which the investigation was conducted is 
shown in Figs. | and 2. The machine consists of three com- 
ponents, namely, a test-bearing holder and journal, a loading de- 
vice, and the drive. 

(a) Test-Bearing Holder and Journal. Referring to Fig. 2, it 
will be noted that the test bearing was mounted in a recess in the 
The lubricant was admitted to the bearing under a con- 
A “eak-off” connection was pro- 


housing 
stant head of 3'/> in. of water. 
vided to carry off the water which passed across the thrust face. 
Alignment between the thrust plate ang the bearing holder was 
maintained by accurate positioning of the loading block. A 
flexible cord wrapped around the circumference of the bearing 
holder was attached to a sensitive dial dynamometer which 
measured the torque. 
(b) Loading Block. 
brated spring, nested within a piston, 
to the bearing holder through a hardened steel ball and a ball 


Axial load was applied vertically by a cal- 
The load was transmitted 


A-l A-2 A-3 
B-: B-3 
CA C-3 


p 
J 
A Bk 
= 
\ 
s 
- 
| 
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bearing embedded in the base of the test-bearing holder. This 
arrangement insured even contact between the thrust bearing 
and the thrust plate. 
(c) Drive. A 16-in. four-speed drill press was used to drive the 
journal. The unit had speed change gears which permitted 
spindle speeds of 430, 860, 1725, and 3450 rpm. 


Mernop or Test 


Using the test machine described, measurements were made of 
temperature and bearing torque. Before running, all test bearings 
were cleaned first in ether, then in alcohol, and finally in distilled 
water, 

Fie. 1 View or Test Each bearing was subjected to the same schedule of speed and 

Macuins load conditions. Loads of 5 through 110 psi were applied in 5-psi 
increments at each of four successive speeds, namely, 430, 860, 
1725, and 3450 rpm. If a sudden rise in temperature or torque, 
generally high torque, or cloudy outlet water occurred, the 
schedule was curtailed accordingly. 

Owing to the static frietion of the support bearing (ball bear- 
ing) a correction was applied to each torque reading (see Appendix 
for method of calculating the coefficient of friction). 

The following data are used for the viscosity of water: 


Temperature, deg F 50 75 100 125 
Centipoise 28 0 90 0.67 0.54 


Resvutts or Test 


The results of the tests have been arranged graphically in Figs. 
4 through 10. These show the comparative performance of the 
various types of bearings on the basis of the coefficient of frie- 
tion versus ZN/P (centipoises X rpm /psi), and coefficient of 
friction versus speed for various loads. 


= 


2) Diagrammatic 
or Test Macuine 
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Circumferential taper 


Circumferential taper 
0.001 in/40 deg 


Circumferential taper 
0.0003 in/40 deg 5 


0.0005 in/40 deg 


Ra‘lial taper 
0.0002 in, in 


Radial taper 
0.001 in 


or BEARINGS 


(Radial taper 0.00] in. in.) 


Data are presented in Fig. 7 showing the effect of “running- 
in.’ Curve 860-A was obtained for the initial run; curve 860-B 
shows the results after the bearing had been “run-in.” 
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Specimen A-3, Fig. 5, was the only bearing damaged during 
test. With the other bearings, the tests were terminated when 
The surfaces in 
However, with 


the torque indicator showed a sudden increase. 
these bearings were never impaired seriously 
bearing A-3, carbon particles were observed in the drain water 
even though there was no noticeable increase in bearing torque. 
‘The surface of the bearing after test presented a dull matte finish. 

The temperature rise of the water, from inlet to outlet, was less 
than 2 deg F in all cases for ZN /P-values to the right of the 
minimum, ie., where boundary conditions did not prevail 
However, the temperature range of the water, as a result of 
change in room temperature and heat generated by the test 
machine, varied from 72 F to 94 deg F. 


Discussion 


No correlation will be attempted at this time between our ex- 
perimental results and the theoretical work of Bower,‘ in view of 
the absence of valid film-thickness measurements. It is expected 
that a subsequent paper, in which film measurements will be 
reported, will attempt a correlation. 

The performance of these bearings, as shown in Figs. 4 through 
10, reveals that the curves for coefficient of friction versus ZN/P, 
develop the typical form. This curve has the usual sharp rise to 
the left of the minimum point and a very gradual rise to the right 
of the minimum. 

The curve on the right is concave down. 


Figs. 4 through 8 do not coincide. This spread is attributed to 
inaccurate evaluation of the average film temperature. In the 
parameter ZN /P, the viscosity is the factor most difficult to de 
termine. The thermocouple for evaluating the film temperature 
was embedded in the bearing, Fig. 2, approximately 0.010 in. be- 
low the surface. 

The effect of running-in, as shown in Fig. 7, reveals a redue- 
tion of approximately 0.0008 in the coefficient of friction. The 
usual effect of running-in on a bearing is to improve its surface 
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‘0.001 in/in radial taper; 0.001 in/40 deg circumferential taper ) 
060 by removing microscopic surface irregularities which extend 
es ee through the film thickness, The irregularities contact the thrust 
ETRE runner and are compressed, sheared, or melted away. Another 
pi i ia fact which should be considered is that large foreign particles are 
| | not embedded readily in carbon. Hence the runner is apt to pick 
ors up carbon or foreign matter and high friction will result until the 
114 i bearing makes adjustments for these disturbing influences. Al- 
2 pet tp pepe + though filtered water was used, there was a possibility of air- : 
T T 
borne dirt entering the system. 
. - The results obtained from bearing A-3, as shown in Fig. 5, re- 
000 veal that bearing failure was encountered at low ZN /P-values 
while operating on the right side of the curve. Since this was the 
| only instance where damage occurred, it is possible that increases 
ooe | in the coefficient of friction may have been obscured. This is 
@ } | | | especially true in view of the magnitude of the correction factor 
necessary to compensate for support-bearing friction at the 
al heavier loads under which the test bearing began to fail. ; 
ee — a a The effect of taper on bearing performance is as follows: 
P It will be noted in Fig. 10 that, in 
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Fic. 9 Comparison Loc Piotr or Fooa’s Curves anp Test 


(a) Circumferential Taper. 


Data 


general, the greater the circumferential taper the lower the co- 
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efficient of friction. The absence of A-3, B-3, and C-3 at the 430- 
rpm condition indicates that these bearings, with the large cir- 
cumferential taper, could not carry heavy loads at low speeds. 
Linn and Sheppard,? in their work, found that the bearing with the 
correct amount of radial and circumferential taper carried the 
greatest load and had the least loss. This is borne out in our test, 
Fig. 10, where B-2 and B-3 carried the highest load and exhibited 
the lowest coefficient of friction. 

(b) Radial Taper. Bearings with 0.0002 in. per in. taper de- 
veloped the best performance. The results indicate that bearings 
with largest radial tapers did not carry heavy bearing loads at 
low speeds. 

(c) It will be noted, Fig. 8, that bearing C-3 which had the 
Kreatest ire umferential and radial taper gave the lowest co- 


1725 


RPM 


Frietion Versus 


efficient of friction at the highest speed. This may reflect the in- 
fluence of two factors: Reduced frictional drag which results from 
the low shear rate of the film in the tapered zone, and greater hy- 
drodynamic pressure and consequent thicker film in the region of 
closest approach, by virtue of the configuration induced by the 
radial taper. 

(d) Also from Fig. 10 it may be observed that bearings A-2 and 
B-2 carried the highest loads at the lowest speed. This would in- 
dicate that for low-speed performance a 0.0005 in. per in. cireum- 
ferential taper and little or no radial taper are desirable. Of the 
bearings tested, A-2 and B-2 seemed most suitable for use where 
heavy loads at both high and low speeds might be encountered. 

(e) A log plot of ZN /P versus coefficient of friction is shown in 


Fig. 9 This a ee contains curves by Fogg? for a plain colls ar and a 
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Michell-type thrust bearing. Seott’s® curve for Michell bearings 
tested at his plant, and data for a bearing similar to A-2, covered 
in this paper, are included for comparison. The shape of the A-2 
curve is similar to Fogg’s Fig. 9.4 Both have substantially a '/2 
straight-line slope to the right of the nadir. An equation for these 
bearings would be f = AK(ZN/P)'*. Both our curve and Scott’s 
curve are considerably displaced to the left. The explanation for 
this is attributed to the higher unit loading, lower viscosity, and 
lower speed than used by Fogg. Scott claims that the great 
majority of thrust-bearing applications lie below the range of 
Fogg's* experiments. Marine thrust blocks with reciprocating 
engines have a range of ZN/P of 5 to 25. The range for main- 
propulsion geared turbines is 10 to 50. 


CONCLUSIONS 


Water-lubricated carbon thrust bearings, with the correct 
amount of circumferential and radial taper, can carry loads of at 
least 110 psi successfully at speeds from 860 to 3450 rpm. 

Radial tapers perform acceptably at high rotative speeds, At 
low speeds they may reduce the ultimate load capacity of the 
bearing. 

Circumferential tapers of extremely slight angle appear to be 


associated with the greatest friction. Moderate tapers, B-2 and 


® Discussion of paper by Fogg, by H. B. Scott (Neweastle upon 
Tyne), Proceedings of The Institution of Mechanical Engineers, 
London, England, vol. 155, 1946, p. 54 


*, Adjustable serew (depth of eut) 
3, Lock nut 

Handle 

Hardened steel ball 

. Hard chromalloy facing 


A, Dial indicator, 0.0001 in. long- 
travel 

B, Kingpin 

C, Yoke 

1), Cam and lever-lift mechanism 

E, Kingpin support block 
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, Guide ring 
Fie. 11 Taper-Curtine 


8-3, have low friction loss and are most dependable at low speeds 
and high loads. 


From the data on hand, a good all-round design for a water- 7 
lubricated 23/,-in-OD, 14 fixed-land, carbon thrust bear- 
ing would incorporate: 

(a) Six lubricant-distributing grooves. 

(6) Rounded or beveled leading edges on the six lands, 

(c) Circumferential taper in */; or */, of the land area, 0.0006 
to 0.0008 in. deep at the lowest point. ve : 

(d) Radial taper of zero to 0.0008 in. per in. sloping down —_ a 
toward the inner diameter. yay. = 

(e) Untapered portion of the lands flat and smooth nia. : “4 
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Appendix 
Description OF Taper-Curtine Jig 


The jig used to manufacture the tapers on the fixed lands of the 
thrust bearings is shown in Fig. 11. 

The test bearing O is radially positioned by bushing Q, and is 
held against the base plate L, by a backing plate R, and a knurled 


Bo 


L, Base plate 
M, Blade 


R, Backing plate 
5, Guide-ring elevating screw 

N, Carboloy insert T, Lock nut 

©, Carbon test bearing U, Guide-ring hold-down mecha- 
Q, Bushing nism 
V, Nut 


| — 
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nut V. The backing plate, L, has a 90-deg segment removed to 
accommodate the cutter M. 
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Because of the hardness of the ear- 
bon bearing material, the blade of the cutter M was provided 
with a Carboloy insert N. This cutter M has a T cross section 
and is clamped firmly to the yoke C by Allen head cap screws, not 
visible in the illustration. Radial taper is accomplished by plae- 
ing shims between the yoke and the cutter. 

The voke C, which carries the cutter M, also carries a 0,0001-in 
dial indicator A, and has a knurled handle H. This entire as- 
sembly is free to rise and rotate about a kingpin B. 

An adjusting serew F contacts the hard face of the tilting ring 
and transmits the rise of the ring to the yoke-and-blade assembly. 
The lift mechanism D is used to lower the yoke gradually and 
thus permit lighter cuts. The adjustment of screw F determines 
the ultimate depth of cut and consequent point of break through 
for a given orientation of bearing O The bearing is oriented to 
reference marks before seraping each land, 

The yoke and kingpin are fitted accurately, and the kingpin is 
fitted tightly and locked in the support block E to eliminate lost 
motion. 

The amount of blade rise for a given rotation is determined by 
the tilt of the guide ring. This tilt is produced by three elevating 
screws 8. Two of these screws fit into sockets in the underside of 
the guide ring K. 
screws are locked, thereby fixing the tilt axis of the ring. 


After the ring has been leveled, these two 
The de- 
sired tilt angle of the ring is obtained by adjustment of the third 
screw, which does not fit into a socket but contacts the flat under- 
side of the guide ring. 
by repositioning the guide ring or by moving the adjusting serews 
to a different set of holes in the base plate L, 

It will be noted that a rectilinear plot of blade rise versus de- 
The shift of ring tilt axis, 
as mentioned, determines the portion of the curve which will form 


If necessary the tilt axis may be changed 


grees of rotation would be sinusoidal. 


SIDE VIEW 
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the ramp of the land being seraped by the cutting edge of the 
blade. Ring rise is easily checked by removing the blade M and 
watching the yoke-travel on the dial indicator A as handle H is 
moved. 

The ramp profile used for the bearings under test was the por- 
tion of the curve 60 to 100 deg, Fig. 12. 

A mathematical expression for the height Z, of any point on the 
cutting edge of the blade from a given reference plane, is derived 
in terms of the following: 


6 = guide-ring tilt angle, from horizontal 
vi) rotation angle of blade, measured from high point of 
ring as determined by tilt axis 
a radial-taper angle of cutting edge of blade, measured 
from horizontal 
R radial distance from axis of kingpin to axis of elevating 
screw 
radial distance from axis of kingpin to any point on 
cutting edge of blade 
constant to relate height of blade to a reference plane; 
this is easily evaluated for a given ring and elevating 
screw setting 


The taper which will be cut on the bearing depends on the rise 
of the various points on the cutting edge of the blade with 
reference to a horizontal plane M, Fig. 13. 

The rise of the guide ring is imparted to the entire yoke-and- 
blade assembly through contact point I. The following equations 


describe the motion of this point. 


Because the entire yoke-and-blade assembly rises as a unit and 
does not tilt, any point on the blade will be some fixed distance 
closer to plane M than contact point 7, On the side view, point P 
is a distance C; closer to reference plane M, Thus the height of 
point P above the reference plane may be expressed 


From the side view 
Z=Xtan@ 
From the top view 
X = R cos 
Eliminating X 
Z = KR tan 6 cos ¢$ (from the z, y-plane) 
Adding C;, relates height to the plane M 


Z'i-m = R tan 6 cos + C, 


PLANE OF GUIDE 
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= R tan cos + C, Ce DERIVATION FOR Metruop or CompuTING COEFFICIENT OF 

Friction From Measurep Quantities, Torque anp Loap 
It is also evident that as point P is moved some distance r away era tanas 
from the axis, it moves farther from the reference plane by a dis- 
tance rtana. Thus the height of any point ?’ along the cutting = unit pressure between thrust faces, psi 
edge of the blade, from the reference plane ./, may be expressed j bearing torque, lb-in. aor 

coefficient of friction 
Z'r'-u = R tan 0 cos + r tan a ( radius, in., to ring dr thick 

For a given ring tilt and blade setting, the constant C may be inside radius of bearing surface 
evaluated easily so that the Z’ represents depth of cut, by setting f outside radius of bearing surface 
Z' equal zero and substituting the fixed R, tan 6, tan a@; and the 
desired @ and r for the point where the blade begins to cut the 
surface of the bearing. 

On the actual jig the desired rotation angle @ at which the 
blade begins to cut the surface of the bearing (for a particular ring 
tilt) may be obtained by moving the elevating screw F (thus 
changing distance (2). 

An expression for the circumferential angle of taper may be ob- 
tained by taking the first derivative of the expression for height, 
keeping in mind the terms which are constant (dZ’)/(d@) = —R 
tan 6 sin @; the taper being expressed in inches per degree. 

An expression for the taper in inches (rise)/inch (are length at Fig, 14 
any radius) may be obtained as follows: 


Force on element at r = p X 2mrdr 
Call are length S 2 Bearing torque created on this elementary ring = item (1) 
coefficient of friction r = dr 


> of these elementary torques between some inner and outer 


- To 
4 = 2nfp f r dr 
> tale » T = 2xfp ro 


= rd radians 


mee 


Multiply (dZ’/d@) by (d@/ds) to get dZ’/ds, then ; 


- R tan 0 sin 
Ge: r 
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The lubrication requirements of a number of gyroscopes 


By J. E. BROPHY! 


have been studied as a prerequisite to the development of 
improved rotor-bearing lubricants and with the additional 
objective of replacing proprietary lubricants by one or 
more lubricants to be specified in the future. The gyro- 
scopes studied included both air-driven and electrically 
driven types. Measurements were made of bearing tem- 
peratures, rotor speed, rate of deceleration, power input, 
and bearing noise level, the noise components being 
analyzed. A small high-speed evacuated gyro failed by 
the time 650 hr of operation had been reached. The other 
gyros studied all operated without bearing failure for a 
minimum of 10,000 hr on the specified lubricants. Two 
electric gyros have operated satisfactorily for 10,000 hr on 
synthetic diester-type lubricants. Gyro repair facilities 
reported that the paramount problem in overhaul work 
is that of obtaining suitable replacement bearings. It 
has become evident that causes of abnormally short rotor- 
bearing life include the use of inferior replacement bear- 
ings, poor overhaul techniques, and careless handling of 
equipment. Some of the proprietary lubricants are not 
suitable for use in instruments which are in storage for 
long periods. 


INTRODUCTION 


XPERIENCES arising from the increasing use of gyro- 

scope-type instruments have indicated that failure of 

equipment in service was frequently a result of the failure 
of the gvroscope rotor bearings when the specified lubricants were 
used. Similar difficulty has been encountered with equipment 
taken from The manufacturers of such equipment, 
concerned primarily with meeting design 
standards, have little information relating to these failures in 
service or after storage. Detailed reports concerning the in- 
struments after they are put into use are either entirely lacking 


storage. 


and performance 


or quite incomplete. 

Trends in design of modern gyro-type instruments have re- 
sulted in stringent requirements for proper lubrication of the 
rotor bearings. The proprietary lubricants in current use are not 
satisfactory under these extreme conditions. Most gyro manu- 
not in a position to develop new lubricants, 
while lubricant testing is seldom done or is quite limited by the 
lack of experienced personnel and proper methods of investiga- 


facturers are 


tion. 

Because of the lack of pertinent information regarding gyro rotor- 
bearing failures, it was advisable to obtain more specific data rela- 
tive to normal bearing behavior and to determine, if possible, the 
most common causes of failure. It was necessary to differentiate 
between the causes of failure due to mechanical design and those 
contributed by the lubricant. A study of bearing noise as related 


! International Business Machines Corporation, Endicott, N. Y. 

* Surface Chemistry Branch, Naval Research Laboratory, 
Washington, 

3 Private communication. 

Contributed by the Research Committee on Lubrication under 
auspices of Lubrication Activity and presented at the Annual Meet- 
ing, New York, N. Y., November 30-December 5, 1952, of Tue 
AMERICAN Society OF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, 
September 19, 1952. Paper No. 52—-A-51. 


Lubrication of Gvroscopes. 


and J. B. ROMANS? 


to bearing quality, life, and proper lubrication has been con- 


sidered an essential part of this investigation, 

The use of grease as a rotor-bearing lubricant has certain ad- 
vantages over oil, particularly where the gyro is stored for long 
periods, Experience® has shown that under these conditions, oil 
tends to evaporate and drain away from the bearing surfaces, in 
some cases permitting corrosion to set in and resulting in bearing 
damage when the gyros are placed in service, A grease which has 
been well fortified against oxidation and excessive loss of lubricat- 
ing fluid will be retained in the bearing during long storage 
periods. These advantages indicate that this class of lubricants 
should be investigated, 

or Sturvey or Work By Gyro Manvurac- 
rURERS AND Revark 


Manufacturers of gyroscopes have been concerned primarily 
with solving manufacturing problems and meeting equipment 
performance specifications. Limited gyro testing had been done 
but usually the manufacturer relied on high standards of work- 
manship in the fabrication of parts and in the selection and clean- 
ing of bearings in order to produce satisfactory equipment, Very 
little work had been done to study the fundamental causes of 
bearing failure beyond the investigation of customer complaints. 
However, the need for more pertinent information and improved 
gyro lubricants was recognized. Several manufacturers had 
turned from oil to grease lubrication because of the superior 
position stability and storage life of good greases. Opinions 
regarding the life expectancy of rotor bearings varied from 
500 to 10,000 hr depending on gyro design and operating con- 
ditions 

Reports from various repair facilities indicated that bearing 
replacements were in the order of 25 per cent on electric gyros 
While case his- 
usually 


and about 50 per cent on the air-driven types. 
tories of instruments coming in for repair were not 
available, the immediate causes of failure were reflected in 
burned and grooved pivots, brinelled pivots and flats, ball 
denting of the bearings, roughness, rusting, and the lack of lubri- 
eant, 
particularly with reference to aviation instruments.‘ 


These conditions have been noted previously by others, 
Many 
failures obviously had resulted from overheating because of 
burned-out motor windings and from improper operation of tem- 
perature-control devices, 

The chief problem encountered in the repair of gyros was re- 
vealed to be the lack of satisfactory replacement rotor bearings. 
Those obtained from stock require extraordinary care in selection 
and inspection with 50 to 80 per cent of the bearings being re- 
jected. This is alleged to be due to inadequate cleaning and 
packaging by the bearing manufacturer and to careless handling 
by stockroom personnel. The rejection rate of bearings pur- 
chased directly from the manufacturer has been found to be some- 
what lower. 

Both oils and greases have been used for lubricating rotor bear- 
These included petroleum oils — 
specified by the equipment manufacturer, Naval Ordnance 
specification 14-0-20 oil, former specification AN-O-6a_ oil, 
and specifieation Mil-G-6085 (AN-O-11) oil as well as the Navy 
While some interest was shown in the possibility of 


ings at the time of repair. 


symbol oils. 


‘Probable Cause of Noise in Gyro Instruments and a Suggestion 
for Its Prevention,”’ by RK. G. Ojers, Instruments, vol. 16. March, 1943, 
pp. 144-148. 
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using specification Mil-G-15793 (formerly Naval Ordnance speci- 
fication 14GS8) grease as a rotor-bearing lubricant, only specifica- 
tions Mil-G-3278 (A N-G-25) and Mil-L-3545 (14-L-7) greases had 
been used for this purpose. 


WORK 


Gyros and Lubricants Studied, Several instrument gyroscopes 
have been operated with both specified petroleum and synthetic 
lubricants under conditions believed to be adequately representa- 
The gyroscopes studied included four 
The air- 
driven rotors were identical except that two were operated with 


tive of those in service. 
which were air-driven and six operated electrically. 


the axes of rotation in a horizontal plane while the rotor axes of 
the remaining two were in a vertical position. Four identical 
gyros and one small high-speed gyro were operated with rotor 
A large electric gyro was studied with the 
All gyros were driven by the 


axes horizontal. 
rotor axis in a vertical position. 
power supplies designed for the instruments. 

The rotor bearings of all the gyros were ABEC-3 ball bearings 
of the single-row type. Bearing retainers were nonmetallic except 
those used in the air-driven units which were of case-hardened 
steel. All the bearings were preloaded, Those of the air-driven 
gyros were set by the manufacturer and were determined by coast 
time under specified conditions, The bearings in the electric 
gyros were preloaded by means of Z-springs except those of the 
small gyro where the preload was set by the use of a comparator. 

In order to facilitate the development of improved gyroscope 
lubricants, the lubricants in current use for these gyros were first 
All gyros tested under these conditions were used as re- 
The air-driven gyros had been 


studied, 
ceived without disassembly. 
lubricated upon assembly by the manufacturer with a high- 
viscosity-index mineral oil having a viscosity of 5.1 centistokes at 
210 F. Of the four identical electric gyros, two were lubricated 
every 200 hr with a polymer-thickened, stabilized, rust-inhibited 
The re- 
maining two were disassembled for the removal of the petroleum 
oil, care being taken not to disturb the original rotor balance. 
One gyro was lubricated with Naval Ordnance specification 14-O- 
20 oil every 200 hr. 
gram of Mil-G-15793 grease in each bearing upon reassembly. It 
was not relubricated during the test. The diester used in the speci- 
fication 14-O0-20 oil and in the grease has a viscosity at 210 F of 


mineral oil with a viscosity of 6.7 centistokes at 210 F. 


The remaining gyro was lubricated with 0.1 


4.2 centistokes, 
with a mineral oil with a viscosity of 11.6 centistokes at 210 F, 
The high-speed gyro was lubricated upon assembly by the manu- 
facturer with specification Mil-G-3278 (AN-G-25) grease. 

With the exception of the high-speed gyro, all those studied 
were designed to operate for long periods under rather nominal 
The anticipated operating temperature 
range of the small gyro was considerably extended 

Methods Used, 
of deceleration of the rotor, power input, bearing temperatures 
and bearing noise level, the noise components being analyzed. 
The rotor speeds in rpm were determined within '/, per cent by 
means of a General Radio “Strobotac,”’ calibrated daily. The 
rate of deceleration of the air-driven gyros and of the large electric 
gvro (defined as the time necessary for the rotor to decelerate 1000 


The large electric gyro was lubricated every 60 hr 


temperature conditions, 


Measurements were made of rotor speed, rate 


rpm frem operating speed) was obtained by means of the Stro- 
botae and a stop watch. The deceleration rates of the other 
gyros were such that total coast times could be taken. 

With the exception of the small high-speed gyro, changes in 
power input of the electric gyros were measured with a Weston 
Model 310 wattmeter, 


ing the power input of the small gyro was not available at the 


Since satisfactory equipment for measur- 


time the work was undertaken, approximate values of power 
wer? obtained by means of a vacuum-tube voltmeter and milliam- 


TRANSACTIONS OF THE 


ASME AUGUST, 1953 


meter. All the gyros were operated in ambient temperatures 
ranging from 75 to 85 F with no additional heat being applied to 
any of the 
means of thermocouples placed as close to the bearing outer races 
However, design 


units. Bearing temperatures were measured by 
as possible without disassembling the gyros. 
of the large electric gyro permitted placing the thermocouples 
directly on the outer races of each rotor bearing. Bearing tem- 
peratures of the two electric gyros operated with synthetic lubri- 
eants were measured in the same way. 

In order to prevent the transmission of vibration between 
power supplies and gyros and to prevent gyros from interfering 
with noise measurements, it Was necessary to mount all the equip- 
ment on rubber vibration mounts. The noise-level determina- 
tions were made with a General Radio type 759-B sound-level 
meter equipped with a vibration pickup and control box. The 
inertia-operated piezoelectric pickup responds to acceleration 
while the control box provides integrating circuits. The pickup is 
designed to operate below the resonant point, which in this instru- 
The 


sound-level meter reads in decibels within the audio-frequency 


ment oceurs at approximately 1500 cycles per sec (eps).® 


range, although readings may be converted to vibration displace- 
ment, velocity, or acceleration. 

Analyses of the noise components were made with a General 
Radio type 760-A sound analyzer used in conjunction with the 
sound-level meter and with « Panoramic sonic analyzer. With 
the General Radio analyzer, used early in the investigation, it was 
necessary to plot each high-energy point by hand while the fre- 
quency spectrum was being scanned. However, the noise pat- 
terns frequently changed in a random manner and high-energy 
points lying close together resulted in severe fluctuations of the 
indicating meter, making it impossible to scan and record the en- 
tire spectrum completely. The Panoramic sonic analyzer is 
an instrument which separates the frequency components of a 
complex wave and simultaneously measures their amplitude on a 
cathode-ray screen. The sereen is calibrated horizontally in fre- 
quency and vertically in voltage. The frequency scale is approxi- 
mately logarithmic from 40 to 20,000 eps while the voltage scale is 
calibrated over a 40-decibel range. The Panoramic sonic analyzer, 
used in conjunction with the General Radio 759-B sound-level 
meter, was calibrated to read directly in terms of decibels. 

The noise-analysis patterns and the calibrated scale on the face 
of the cathode-ray tube were photographed simultaneously with 
a modified Dumont 271-A oscilloscope camera. In order to ac- 
complish this satisfactorily, a series of low-voltage incandescent 
lamps were placed in a circle around the large end of the cathode- 
ray tube slightly behind the face of the tube. The tube screen, 
but not the scale, was thus illuminated through both the edge of 
the tube face and from the rear through the transparent section 
of the tube wall adjacent to the face. By adjusting the degree of 
illumination, the scale was made to stand out against the lighted 
sereen which did not interfere with photographing the eleetron- 
beam pattern satisfactorily. 

Bearing-noise measurements were made on the air-driven gyros 
and the upper bearing of the large electric gyro by holding the 
pointed prod of the vibration pickup on the bearing housings 
parallel to the rotor axes. Measurements on all other rotor bear- 
ings were made with the prod held at right angles to the rotor 
axes. The total noise measured consists of the bearing-noise 
spectrum superposed on that of the vibration of the structural 
parts of the gyro. The bearing spectrum alone may be obtained 
by subtracting the structural noise from comparative measure- 


ments of duplicate gyros. This has not been done in the study. 


5 Application of Piezoelectric Vibration Pick-Ups to Measurement 
of Acceleration, Velocity and Displacement,”’ by B. Baumzweiger, 
1940, pp. 303 


Journal of the Acoustical Society of America, vol. 11 
307. 
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Such measurements may be made graphically with an instrument 
such as the Panoramic sonic analyzer. 

The air-driven rotors were divided into two 
groups of two each for study. For identification purposes, those 
axes in «a horizontal position have been 


Air-Driven Gyros. 


operated with rotor 
designated as horizontal-axis gvros while those studied with 
rotor axes in a vertical position have been designated as vertical- 
axis gyros. The two groups of gyros, designated as groups A 
and B, were operated for 12,000 and 10,000 hr, respectively. Air 
Changes in bearing 
fluctuations of the 


pressure at the nozzles was held at 7 in. Hg. 


temperatures followed very closely the 
ambient temperatures encountered. 

The gyros were characterized by «a slowing down of the rotors 
as the tests progressed, those of group A predominating in this 
respect (Tables 1 and 2). Since it had been determined previously 
that fluetuations in ambient minor 


effects on the rotor speed of these gyros, it is concluded that this 


temperatures have only 
reduction in speed was due to increased bearing friction. In 
general, the reduction in rotor speed was accompanied by an in- 
crease in deceleration time due to the decreased windage effects at 
the lower rotor speeds. 


ON AIR-DRIVEN A GYROS WITH 
M LUBRICANT 


Bearing 
tempera- 
tures, deg F 


ATA 


TABLE 1 


Bearing 


Rotor 
noise level, db 


Operation, speed, Deceleration, 

hr rpm sec Ae 

Gyro 

0 9000 

2000 8740 
4000 8640 
6000 8580 
8000 8500 
10000 8440 
12000 8380 


VerticaL-Axis Gyro 


st 
265 


0 9000 
2000 
4000 
6000 
10000 
12000 


“ Data for horizontal-axis gyro rotor bearing No. 1 and vertical-axis gyro 
up pe r rotor bearing. 

6 Data for horizontal-axis gyro rotor bearing No. 2 and vertical-axis gyro 
lower rotor bearing 


TABLE 2 OPERATES DATA ON AIR-DRIVEN B GYROS WITH 


*-ETROLEUM LUBRICANT 
Bearing 
temperatures 


Operation, Rotor speed, Deceleration eee 
hr rpm see he 


Bearing 
noise level, db 


Hontzonrat-Axts Gyro 
0 
2000 4000 
4000 8820 
6000 8760 
8000 R780 
10000 8700 


Verticat-Axis Gyro 
0 9000 

2000 8000 

4000 SS70 

6000 RO10 

8000 

10000 8790 


* Data for horizontal-axis gyro rotor bearing No. | and vertical-axis gyro 


upper rotor bearing. 
Data for horizontal-axis gyro rotor bearing No. 2 and vertical-axis gyro 
lower rotor bearing. 


Bearing-noise levels rose during the tests. With the exception 
of one horizontal-axis bearing, the noise levels of the group A 
gyros reached a maximum at 6000-8000 hr and decreased to the 
end of the tests. As experimental work has shown that the 
noise levels of the air-driven gyro-rotor bearings are reduced by 
decreasing the rotor speed, it is concluded that this falling off of 
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INTENSITY 
o 
° 


RELATIVE 
© 


1 1 
200 400 600 1000 


FREQUENCY, CPS 


2000 


Fie. Sounp Sprerrum or Airn-Driven B Hortzontar-Axis Gyro 
Roror Bearing No. I 
‘Hours of operation, 230; lubricant, petroleum oil; over-all noise 
SO db. Analysis made with General Radio analyzer.) 


level 


noise intensity was due to the net result of the lower rotor speeds 
of the A gyros. 

Analysis of the bearing noise of all the air-driven gyros gave 
similar patterns. The noise was distributed from about 150 to 
1500 cycles with major peaks occurring at approximately 150, 
300, 600, 800, and 1500 eycles 
the horizontal-axis gyro-rotor bearings were designated No. | 
although conditions imposed on each 
The sound spectrum of the group B 
1, Fig. 1, is characteristic 
of the noise spectra of the air-driven gyros. The frequency of 150 
cps is a function of rotor speed while that near 1500 cps is at the 
resonant point of the vibration pickup. The other frequencies 
appeared to be characteristic of gyro design and for the most part 
were believed to be resonant frequencies, They did not appear 
to be functions of the number of buckets on the turbine rotor or 
the number of balls in each bearing. Subsequent analyses of the 
General Radio analyzer 


For purposes of identification, 


and No, 2, respectively, 
bearing were identical. 


horizontal-axis gyro-rotor bearing No. 


air-driven gyro bearings made with the 
showed minor changes in the low-level frequencies as the tests 
progressed, These could be interpreted as indications of increased 
bearing roughness resulting from wear. Examination by means 
of the Panoramic sonic analyzer showed additional new low-level 
peaks and greater detail than that afforded by the General Radio 
apparatus. However, experience with the two methods of analy 

sis has indicated that many pattern details cannot be plotted 
completely when using the General Radio equipment. 
Electrically Driven Gyros. The four identical gyros of the elec 
tric type were designated A, B, C, and D. Gyro A was operated 
for 17,000 hr while 
at about 10,000 hr. 
input Was essentially constant during this time. 


While ambient temperature fluctuations appear to influence 


tests on the remaining gyros were terminated 
Rotor speeds remained unchanged and power 


rotor < time slightly, the decrease in coast time of gyros A 
and B, Table believed to result from increased bearing 
friction ‘and D show an opposite effect in this respect, 
Table 4 
believed partially due to the lower viscosity of the diester-type 


are 
G ( 
Longer coast times and lower bearing temperatures are 


lubricants used. 

As in the case of the air-driven gyros, changes in the bearing 
temperatures of these electric gyros reflected, for the most part, 
the variation in the ambient temperature 

Bearing-noise levels were of the same general order for all four 
gyros. The noise levels of gyros A and B increased by as much 
as 6 decibels while the level of the other two gyros showed only 


slight increases. 
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OPEKATING DATA ON ELECTRIC 

WITH PETROLEUM LUBRICAN 
-Bearing nowe level, db 
Hub end Cage end 


IABLE 3 GYROS A AND B 
‘T 


Bearing tempera- 
Operation, Coast time, ture cage end, 
br deg F 


Gyno A 


0 
3000 
6000 
9000 

12000 
15000 
17000 


Gyro B 


0 104 
2000 104 
4000 110 
6000 106 
8000 103 
10000 100 
2500 br. 


*At3500 hr At3200hr. © At 


DATA ON ELECTRIC AND D 


rH SYNTHETIC LUBRICANT 

Bearing te 

Coast time, deg F .-—~ Bearing noise level, db- 
see Hub e Hubend Cage end 


Wrrn 14-0-20 O11 


rABLE 4 


Operation, 
Cage end 

0 
41000 
8000 
10000 


0 
2000 
4000 
6000 
8000 

10000 


The noise spectra of the bearings of all four gyros were similar 
Noise peaks occurred over the range of 235 to approximately 1550 
cps with the principal peaks occurring most frequently at about 
235, 480, 890, and 1550 eps. Analysis of gyro B cage-end rotor 
bearing made with the General Radio analyzer after 10,000 hr of 
operation, Fig. 2, shows a spectrum characteristic of these gyros. 
Analysis of this bearing made at the same time with the Panoramic 
sonic analyzer is shown in Fig. 3. Some of the advantages of this 
instrument may be seen in that more details of the noise patterns 
aay be recorded. However, it should be noted that since the 
decibel scale is logarithmic, the relative heights of the noise peaks 
differ from those in Fig. 2. While the noise emitted at 235 and 
1550 cps may be attributed to rotor speed (or power frequency) 
and to characteristics of the vibration pickup, some of the major 
peaks are believed to result from electrical phenomena within the 
This condition has been observed by another 


gyro motor. 


TABLE 5 OPERATING DATA ON LARGE ELECTRIC GYRO WITH 
PETROLEUM OIL 
Bearing temperatures, 
deg 
Deceleration, Upper 
sec bearing 


Beafing noise level, 
Upper 
bearing 


Lower 
bearing 


Lower 


Operation, 
be paring 


10000 


# At 1000 hr. 


laboratory® investigating ball-bearing noise and vibration in 
Other high-energy peaks are believed due to 
Noise analyses 


electric motors. 
mechanical resonance in the structure of the gyro. 
of the rotor bearings of all four gyros showed only minor changes 
as the tests progressed. These changes were seen as new low- 
level peaks and undoubtedly indicated some bearing wear. 


by W. T. Buhl, Journal of 
1941, pp. 51-53. 


Bearing Noise and Vibration,” 
the Acoustical Society of America, vol. 13, 
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400600 ‘000 


FREQUENCY, CPS 


SOUND Spectrum or Evectricatty Driven B Gyro Cace- 
ENp Rotor 


(Hours of operation, 10,000; 
db. Analysis made with 


Fic. 2 


lubricant, petroleum oil; over-all noise level, 75 
General Radio analyzer.) 


ELECTRICALLY Driven B Gyro Ca 
BEARING 

lubricant, petroleum oil; zero = 70 db abs; 
Analysis made with Panoramic sonic analyzer.) 


hia. 3) Sounp SpectTRuM 
Rotor 


(Hours of operation, 10,000; 
over-all noise level, 75 db. 


The large electrie gyro was operated for 10,000 hr with little 
Table 5. 
a slight decrease while power consumption remained fairly con- 


significant change taking place, The coast time showed 


stant during the test. The noise level of the upper bearing 
showed little change although that of the lower bearing increased 
about 4 decibels. Again, changes in bearing temperatures coin- 
cided with ambient-temperature fluctuations. 

The noise spectra of the rotor bearings indicated most of the 
noise to be occurring at 146, 370, 650, and 1550 eps. Analysis of 
the lower rotor bearing after 3100 hr of operation is shown in 
Fig. 4. While the noise at 146 cps represents the rotor speed (or 
power frequency) and that at 1550 eps is undoubtedly a function 
of the resonant frequency of the pickup, noises at the other fre- 
quencies are believed to be caused by mechanical resonance 
electrical stresses within the gyro motor. Examination of the 
bearings at 10,000 hr with the Panoramic sonic analyzer showed 
Some of the 


and 


more details but no outstanding changes were noted. 
new low-level peaks observed were undoubtedly an indication of 
increased bearing roughness due to wear. 

The small high-speed gyro was an experimental model of the 
evacuated type and was designed to start satisfactorily at —65 F 
and to run for limited periods in ambient temperatures as high as 


180° 99 7 74 
175 74 77 = 
174 100 80 79 
( 9 
| 
BA 76 
so 100 200 2000 
ivno D Wrrn Srecrrication Mit-G-15793 Grease 
250 99 98 81 78 at 
| 
2000 145 boo ov 
1000 118 141 151 70 76 
- 6000 117 139 150 72 77 
a 8000 116 139 151 71 75 
136 150 71 77 
= e 4 


RELATIVE INTENSITY a4 
° 


hak al | 


$0 100 206 #00 600 1000 2000 
= 
FREQUENCY, CPS 
Fic. Sounpb SpeeTrem or Large Evectric Gyro Lower Koror 


BEARING 


Hours of operation, 3100; bubricamt, petroleum oil; over-all noise level, 75 
» Analysis made with General Radio Analyzer.) 


250 F. The unit was fitted with a McLeod vacuum gage in order 
While 
being evacuated to 0.08 mm Hg, the gyro was heated to 185 F 
but was not operated. The internal pressure of the gyro changed 
only slightly during the test. 

Operational data on the high-speed gyro is given in Table 6. 
The unit was operated intermittently in an ambient temperature 
of approximately 80 F for 650 hr. 
after the gyro required more than 10 min to reach 24,000 rpm. 
Previous attempts to make satisfactory starts with the gyro cooled 
to —65 F were unsuccessful. 
terized by a gradual increase in coast time from a minimum at 
about 175 hr to a maximum at 550 hr. 
8 watts remained fairly constant during the test as indicated by the 
method of determination used. Bearing temperatures reached a 
maximum at about 100 hr followed by a minimum at about 325 


to observe the internal-pressure conditions of the gyro. 


The test was discontinued 


The coast-time curve was charac- 


The power input of about 


hr. In this case the ambient temperature did not vary over 3 deg 
during the test. The noise level reached a peak between 300 and 
100 hr and gradually decreased to the end of the test. It is be- 
lieved that this marked the point at which bearing failure began. 
The wear in the bearings undoubtedly destroyed the original 
bearing preload thereby temporarily decreasing the bearing fric- 
tion. This condition is believed responsible for the operating 
phenomena noted. 


TABLE 6 OPERATING DATA ON HIGH-SPEED GYRO WITH 
SPECIFICATION MIL-G-3278 GREASE 


Bearing temperatures, Bearing noise level, 


deg db-— 

Operation, Coast time, Bearing® Bearing Hearing® Bearing 

hr sec io. 1 io. 2 No. 1 No. 2 
0 405 173 176 Li) 87 
100 330 179 181 SY 87 
200 325 175 178 gO 90 
300 370 170 175 v1 92 
400 305 172 176 v2 93 
500 435 172 176 SO Ru 
600 435 171 175 &5 BS 
650 400 171 175 8) M4 


@ Bearing nearest evacuating tube. 


The noise patterns of both rotor bearings of the high-speed 
gyro made at the start of the test were very much less complex 
than that of the other gyros studied and consisted almost entirely 
of one major peak at about 
made after 394 hr of operation, Fig. 5, marked the appearance of 


1175 eps. However, analyses 


new low-level peaks. Photographs of the bearing spectra using 
the Panoramic sonie analyzer made at approximately the same 
time showed about the same changes in pattern detail and com- 
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plexity as observed with the other gyros. At 450 hr, patterns 
made with the same analyzer were much more complex. Analysis 
of bearing No. 2 after 650 hr of operation is shown in Fig. 6 
While the original peak at 1175 eps may still be seen, many more 
new peaks may be observed, showing the effects of bearing wear 
and roughness as the point of complete failure was approached. 

Since this study was undertaken, changes have been made in 
the design of the high-speed gyro which are reported to have in- 
creased rotor-bearing life and to have lowered the power con- 
sumption 


CONCLUSIONS 


1 At the end of the tests, speeds of the air-driven rotors had 
dropped as much as 7 per cent below the initial operating speed, 
These changes were beyond the limits implied in operating in- 
structions furnished with the gyros. The fact that the nozzles 
which meter air to the rotors are adjusted only at repair of the 
instruments, indicates that the gyros studied will not perform 
satisfactorily in service under the conditions observed at the end 
of the tests 
for the air-driven gyros, Observations made on these gyros when 


Therefore the proprietary oil used is not suitable 
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taken from storage indicate that lubricants of lower volatility and 
better storage-life characteristics are needed. 

2 The specified petroleum and the diester-type lubricants per- 
formed satisfactorily in the four identical electric gyros (A, B, C 
and 

3 The large electric gyro operated satisfactorily on the speci- 
fied petroleum oil used 

$ The useful life of 300 hr for the high-speed gyro falls far 
short of that desired. In general, designers of such evacuated- 
type gyros place too great a responsibility upon the lubricant at 
high temperatures. It is believed that the specification Mil-G- 
$278 grease used in such gyros may be inadequate when the bear- 
ing temperature exceeds 150 F and that a less volatile grease is re- 
quired, 

5 Much might be gained in heat transfer and lubricant sta- 
bility through the use of an atmosphere of inert gas instead of 
evacuating high-speed gyros. For example, the introduction of 
helium would reduce the evaporation of oil from the bearing 
lubricant by lowering the rate of diffusion of the oil vapor adjacent 
to this surface. The saturated layer reduces the mean free path 
available to escaping molecules of oil vapor and would result in a 
near-equilibrium condition between the number of oil-vapor 
molecules leaving the lubricant surface and those returning. An 
analogous example is the general practice of using inert gases in 
incandescent lamps for the purpose of increasing the life and 
general efficiency of the lamps by reducing filament evaporation 
although the gases produce the secondary effect of cooling the fila- 
ment. This cooling effect produced in a gyro would be advan- 
tageous from the standpoint of heat transfer, thereby reducing 
the gyro operating temperature. Lowering the internal tempera- 
ture of the gyro in turn would reduce the evaporation rate of the 
lubricant. The optimum gas content would depend on the design 
features of the gyro and could be determined experimentally. 

6 While the operation of the air-driven gyros was not entirely 
satisfactory, there were no complete bearing failures as had oc- 
cured in service, Since the bench tests used simulated service 
conditions rather well, it is believed that most of the rotor-bearing 
failures reported by the various repair facilities were due to causes 


other than directly to lubrication. Failure of gvros following « 
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storage period, particularly those not lubricated while in service, 
may have been due to loss of lubricant from the bearings during 
storage. Many air-driven gyro failures have been traced to over- 
heating as reported earlier. Severe shock, vibration, or careless 
handling of the equipment, may easily result in brinelling or ball 
denting of the bearings thereby causing early failure. 

7 Perhaps the greatest problem in gyro repair has been the 
While there 


has been considerable difficulty in obtaining good bearings directly 


procuring of replacement bearings of good quality. 


from the manufacturers, among those obtained from stock were 
many showing unquestionable evidence of careless handling, im- 
proper packaging, and of deterioration during storage as indicated 
The lack of good bearings has caused 
a high rejection rate in repair shops and has resulted in the use of 


by rusting and corrosion. 
substandard replacements in many applications. It is obvious 
that higher standards of ball-bearing quality should be estab- 
lished by the bearing manufacturers with emphasis on mechanical 
In order 
to adequately protect the bearings as manufactured, better pack- 


tolerances, ball and raceway finish, and cleanliness. 


aging, preservation, and handling methods are necessary. 

8 While the noise-level and noise-analysis data presented show 
that there is a definite relation between noise phenomena and 
bearing condition, it is recognized that the acoustical spectra 
studied are complicated by the effects of the resonant vibration of 
the structure of the gyro. However, it is believed that such in- 
formation may be used not only in the selection and inspection of 
new bearings, but will be of value in ascertaining the value of old 
bearings at the time of repair of an instrument. The relation 
of bearing-noise spectra and bearing condition needs further in- 
vestigation. It is believed that the use of acoustical spectro- 
graphs (similar to that described here) will provide valuable in- 
formation and guidance to bearing and instrument manu- 
facturers as well as to repair shops. 

9 The fact that little evidence of bearing noise was found at 
frequencies greater than 2000 cps is believed to result from limita- 
tions imposed by the vibration pickup used. Additional informa- 
tion is being obtained on the vibration of high-speed gyros by 
using pickups with much higher frequency-response characteris- 
tics, 
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on to the 


Oil whip of a rotor consists in a whipping or whirling 
motion of the rotor shaft, of frequency essentially equal to 
the critical frequency of the rotor; it occurs at rotor speeds 
roughly exceeding double the critical speed. In the paper 
it is shown that an explanation of oil-whip phenomena, at 
least for small eccentricities, can be obtained from 
the equations of hydrodynamic forces and the dynamical 
equations of motion, provided that the hydrodynamic- 
force expressions be modified to delete from the oil forces 
the hitherto included contributions from the regions of 
negative pressure. 


1 INTRODUCTION 


-. 
™, [L whip was discovered by B.L. Newkirk and H. D. Taylor 
(1).2 Newkirk and Taylor found that under certain con- 


ditions a rotor shaft mounted in sleeve bearings whipped 


when the rotor was running at any speed above double critical 
speed; this whipping originated in the bearings since it occurred 
only when the bearings were running full of oil and could be 
stopped by decreasing the amount of the oil. 

Newkirk gave a qualitative explanation of the phenomenon, 
based on the fact that on the average the velocity of the oil film 
is half the velocity of the shaft due to its rotation. Hence for 
rotational frequencies near double the critical frequency there 
will be a stimulus due to the oil motion of frequencies close to 
the critical; under this stimulus large displacements and whipping 
will occur, 

While the foregoing explanation furnishes a qualitative ex- 
planation of oi] whip or oil whirl, it does not give a complete 
theory of it. 
of whipping does not explain why oil whip persists at speeds 


In particular, this qualitative account of the cause 
greater than double the critical speeds. A complete understand- 
ing of oil-whip phenomena requires the study of the behavior of 
oil film under conditions of load and motion of the center of the 
journal, 

A qualitative study of the stability of the roter in a journal 
bearing has been carried out by Robertson (2). 
arrived at the conclusion that the rotor will exhibit instability at 
all speeds rather than speeds exceeding double the critical speed. 


Robertson 


Antiwhip bearings have been designed, though without the 
aid of theory, by empirical methods. 
ings produce excessive losses and alternative designs which stabi- 


In some cases, these bear- 


lize the rotor without causing extra bearing losses are to be pre- 
ferred. 

Attention should be called to a paper by A. C. Hagg (3). While 
this treatment is by no means complete, it suggests a possible 
remedy for elimination of oil whip. 

In the following it is shown that an explanation of oil-whip 
phenomena, at least for small eccentricities, can be obtained from 
the equations of hydrodynamic forees and the dynamical equa- 
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Jil Whip 


tions of motion provided that the hydrodynamic force expres- 
sions be modified to delete from the oil forces the hitherto included 
While the 
exact determination of the oil flow and oil forces including this 
correction would be rather difficult to carry out at present, the 
approximate manner indicated will give a satisfactory account of 


contributions from the regions of negative pressure. 


oil-whip phenomena for small eccentricities: there is added a force 
component in the radial direction, linear in the radial displace- 
ment and with a proper “‘stiffness constant.”’ 


2 Om Reactions or A CompLere Bearing Wrru 4 
Moving JOURNAL CENTER 


The theory and calculation of critical speeds of rotors is well 
known and completely understood. This is not the case, how- 
ever, With the behavior of bearings and their effect on critical 
speeds and rotor instability. W. J. Harrison (4, 5) obtained 
equations for the reaction due to the oil force on a long journal 
of a complete circular bearing. We shall summarize his _re- 
sults. They are based on the usual assumptions of the Reynolds 
lubrication theory, namely: 


(a) The oil film thickness is small and the effect of the film curva- 
ture may be neglected. 

(b) The inertia forces of the oil, including acceleration forces, 
are small, and only pressure and viscosity foree need be con- 
sidered. 

(c) The variation of pressure across the oil film at any point is 
negligible. 

(d) Change in density and viscosity of the oil due to tem 
perature rise is negligible. 

(e) A strictly two-dimensional theory is assumed, disregarding 
side leakage of the oil, falling off of pressure toward atmospheric 
at the ends of the bearings, and bending of the shaft which will 
produce different eccentricities at the two ends of the bearings. 


The foregoing assumptions are all the simplest possible assump- 
tions that can be made. Their effect will be discussed presently, 
One further underlying assumption is the admission of possible 
negative oil pressures. 

Let the journal rotate at velocity w and suppose that its center 
is displaced from the bearing center O to the point A, OA = r, in 
a direction making an angle @ with the horizontal of Fig. 1. If 
both r and @ vary with time, the radial and tangential velocity 
components of the center motion are given by 
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Under the assumptions listed, Harrison has derived the foilowing 
reactions on a long journal due to the oil pressure forces. per unit 
axial length 


(v mere) 
c?)' 2 Ne 


No? (2 + (1 


(1 


where 


a radius of journal 
a+ No radius of outer bearing 
¥ r = radial displacement of journal center 
eccentricity = r/No 
velocity of journal surface due to its rotation 
U/a = angular velocity of shaft 
radial velocity component of journal center 
tangential velocity component of journal center 
Vo/cno = angular veiocity of journal center about bear- 
ing center 


7 In (2) Robertson points out that in the derivation of the ex- 
pressions Fs, F, given by Equations [2.2], [2.3], Harrison neglects 
the component of fluid velocity along the journal due to the mo- 
tion of the journal center. Robertson obtains added terms due 
to this neglected factor. These additional terms, however, are 
small in comparison with Equations [2.2], [2.3], except possibly, 
for 2 = w/2, and will be neglecved in the following.* 

From Equations [2.2], [2.3] follows, in particular, that for a 
stationary journal center, Ff, reduces to zero, while 


c 


(24 
m? (2 +c) (I 


c?) 2 
thus vielding a foree on the journal which is perpendicular to 


Fic. 2 


the displacement of the center. Hence a vertical foree due to the 
weight of the rotor, according to this result, will produce a purely 
horizontal displacement in the shaft journal as shown in Fig. 2. 
Measurements carried out on journal displacements under 
* The author is of the opinion that the error introduced by neglect- 


ing the curvature of the actual space between the journal and bearing 
is of the same order of magnitude as the Robertson corrections. 
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static loads agree partially, but not completely, with the foregoing 
predictions of theory. Actually, displacement components both 
at right angles to the load, as well as displacement components 
in the direction of the load are observed. In particular, it has 
been shown by Simons (6) that only for small shaft loads is the 
displacement at right angles to the force; as the load increases, 
the displacement acquires an ever-increasing component in the 
direction of the load (in addition to an increasing component at 
right angles to it). Both of these components have been meas- 
ured by Vieweg (7), Simons (6), and others. 

While the discrepancy between the theory and tests stood un- 
explained for some time, it is now clear that it is due to the fact 
that the Sommerfeld-Harrison treatments pay no attention to 
the appearance of negative pressure in the resulting expressions 
for the oil pressure in the film. Indeed, Equation [2.4] is based 


on the pressure distribution given by 


6ulac sin 6’ (2 + cos 8’) 
(2 + (1 +c 00s 0)? 

where C is a constant, and 6’ is the central angle measured from 
the direction at right angles to the load. It will be noted that 
the last term of Equation [2.5] is odd in 6’, positive for 0 < 6’ < mr, 
negative for —-3r < 6’ < 0, and has a vanishing mean value. 
Hence C is the mean pressure; its value is the pressure at 6’ = 0 
and will depend upon the oil-inlet pressure. Thus it may happen 
that pin Equation [2.5] is negative for some 6’. Now it is gener- 
ally agreed that a liquid will not support negative pressures. The 
oil, under conditions tending to set up negative pressures will 
cavitate and foam, releasing dissolved air and oil vapor. 

Equation [2.5] is obtained from the Reynolds equation for the 
flow of oil in the space between the journal and the bearing, one 
of the integration constants being chosen so that the resulting 
function is single-valued and periodic—this is obviously necessary 
for a complete oil flow around the bearing. If, however, the 
angular range is interrupted by the omission of the negative pres- 
sure region, then a more general solution of the Reynolds equa- 
tion may be used, and in faet, the two available constants of 
integration may be adjusted to satisfy one further condition. 
It has been claimed by Cameron and Wood (10) that the proper 
condition to apply to the edge of the foaming region is that both 
the pressure and pressure gradient vanish. Pressure distribu- 
tions satisfying these conditions and even including axial oi] leak- 
age due to finite axial length of bearings have been obtained [by 
Cameron and Wood (10).] 

With these possible limitations of Equations [2.1]—[2.3] in 
mind, we proceed to apply them in Section 3 to the study of oil 
whip, first because the resulting theory is much simpler than when 
the neglected effects are taken into account, and second because 
with a sufficiently high inlet oil pressure and light loads, these 
equations will apply approximately, for long bearings. In See- 
tion 4, in an attempt to correct for the most glaring inaccuracy 
of the theory, we shall add to the forces a radial force due to the 
radial displacement of the journal center. While, properly 
speaking, the outdated Equations [2.2], [2.3], [2.5] should be 
replaced by more correct pressure distributions which include 
the effects of axial oil leakage and foaming, there appear to be 
no availabie correct expressions for the “damping components”’ 
of the oil film, due to the motion of the journal center. 


DispLaceEMENT THEORY 


To treat a particularly simple case, we consider first a vertic 
rotor in which the asymmetry caused by the gravity load does 
not occur. We restrict ourselves to small displacements of the 
journal axis from the bearing center since in this case the equa- 
tions of motion can be made linear, and well-known criteria for 
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stability or instability are applicable. For such small displace- 
ments from the center Equations [2.2], [2.3] reduce to 


i Fa = K'e(w— 22) = K'e(w — 26) 


F, = 


where 4 

and is constant for the journal and clearance in question. 

The net force on the journal and shaft consists of two parts, 
one dependent on the shaft rotation, at right angles to the dis- 
placement and proportional to it 


[3.1] 


{3.3} 


K'ew = (cn, )w 


(Fa) = [3.4] 


the other dependent on the motion of the rotor center 
2K’ 
(nA) ” 


as 


No 


(Fs), =~ =- (3.5] 


(3.6) 
The resultant of the components [3.5], [3.6] is proportional to 
the instantaneous velocity of the center and has the direction op- 
posite to it, 

In rectangular co-ordinates, if the displacement components 
of the journal centers are £, 7 the foregoing forces on the journal 


perunit axial length become 
F, 

Fy 
mal 
ae 
- 
For a bearing of axial length J the above forces are multiplied by 1. 

For simplicity assume perfect alignment of the two bearings, 
a symmetric rotor, and suppose that the vibration and oil whip 
are symmetric about the plane of symmetry normal to the (un- 
deflected) rotor shaft at its mid-point. Then the deflections of the 


two journal centers in the two bearings are equal, and there is a 
net force due to the oil 


[3.7] 


where 


K(nw + 2é) 
K (tw 29) 
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If the shaft mass is negligible, the reaction of the force on 
the journal (-—F,, --F,) is transmitted to the rotor after causing 
a shaft displacement x, y relative to the journal center, given by 


y= —Fy/k 


t= v 


F,/k, 


where & is the stiffness constant of the shaft, 
The equations of motion of the rotor are 


Mi + = F,, + =F, 
where, in view of Equations [3.9], [3.11] 
2K 
2K = 


= --Knw 
= 


Introducing the complex variables 


one obtains from Equations [3.12], (3.13] 


M(z + §) = 25) = --kz 

This is a linear system of differential equations with constant 

coefficients and possesses solutions of the form 


where A is a constant and ¢», zo are constant coefficients. Sub- 
stitution of Equation [3.16] in Equation [3.15] leads to the 
determinantal equation 

— = 


At + ) 
M, 
<a) 


% 
~ OK 


or, expanding and changing sign, to the equation 


k i 


For the Solutions [3.16] to be stable the roots of Equation [3.18] 
must lie in the left half Re(A) < 0 of the complex A-plane. 

A test similar to Routh’s test for the roots of an algebraic equa- 
tion with complex coefficients to lie in the left-half plane is given 
in (9) theorem VIT, p. 18, and proceeds as follows: 

lat 


f(z) = + (hy + te,)2"~' + (he + tes)a" * 4 
{3.19} 


(b,, + = 
be an equation of degree x with complex coeflicients (but real first 
coefficient be). Divide f(z) into two parts U'(z), V(z) where 
(3.20) 


U'(z) = boz™ + + + +... 


V(z) = + + byt 
and let A(z) be the remainder obtained when U(z) is divided by 


Viz). Then in order that the roots of f(z) lie in the negative half 

plane, Re(z) < 0, it is necessary snd sufficient that 
> O (3.21) 

and that the (n 1)st-degree equation 

Si(z) = V(z) + R(z) = 0. [3.22] 


have roots all of which lie in Re(z) < 0. 


(3.12) 
@ 
(3.13) 
7 
- 
0... [3.18] 
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When the foregoing is applied to the cubic equation [3.18], it 
is found that the Inequality [3.21] ts satisfied. The function fi, 
(with A replacing z), is given by 


{3.23} 


kK 


When Equation [3.19] reduces to a quadratic equation the test 
for the roots to lie in Re(z) < 
ence 9, pp. 10, 11) 


0 vields the inequalities (see refer- 


by, > 0 ) 
3.24] 


byes? 
4+ eye) > 
hy 


The first Inequality [3.24] is satisfied by [3.23], but the latter 
is not satisfied, since it leads to 


yk \2 
) 
K\M 
It follows that Equation [3.23] does have roots with a real part 
positive (or zero), and hence that the same is true of the original 


Equation [3.18]. 
From the foregoing it follows that the oil forces lead to an un- 


[3.25] 


stable system and that the center displacement, if not exactly zero 
initially, will grow with time without a stop. This conclusion 
holds presumably no matter what the rotational speed w of the 
rotor is, and verifies essentially the results obtained by Robert- 
Son. 

As pointed out, it was assumed throughout the preceding dis- 
cussion that the journal center displacement was small. When it 
starts growing in accordance with the foregoing it reaches the 
range Where the more exact oil forces given by Equations [2.1], 
2.2] should be used. The resulting nonlinear differential sys- 
tem of equations is difficult to solve, but it is evident that they 
cannot restore rotor stability. Indeed, if as a result of the non- 
linearity the eccentricity is restored to small values, then the rotor 
finds itself in the linear range again, which is unstable and where 
the displacements tend to get larger. 


Krrecr or Appina Rapiat Bearing Forces 


The conelusions reached in the preceding section are completely 
at variance with observed facts, which are that oil whirl develops 
at speeds considerably above the critical speed only, One might 
wonder which of the many assumptions stated in Section 2 is 
responsible for the discrepancy between the above theory and 
It will be shown now that if the 
basie equations of Section 3 be modified by the addition of a 


actual performance of rotors, 


radial component of force on the journal, linear in the displace- 
ment of the journal center from the bearing center, then stability 
is restored for speeds below double the critical speed, Ww hile at 
As in 
Section S, this analysis is carried out for small displacements 
only 


speeds above double the critical speed instability persists, 


The diserepaney between the predictions of the Sommerfeld- 
Harrison theory and observed displacement has been discussed 
in Section 2, where it was pointed out, in particular, that this 
theory is deficient in not predicting a radial displacement com- 
ponent. We shall, therefore, remedy this partially by the addi- 
tion to the forces given by Equations [3.1]~!3.3], of a radial force 
component = 
the displacement. 


Ayr which we assume to be proportional to 


Adding force components 


Kin to the force components 
Equations [3.9], we replace Equations [3.13] by 
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Kit 2KE 


14.1] 


= 


= Kwt 


Combining with Equation [3.12] and introducing z, ¢ as in qua- 
tion [3.14] one now obtains in place of Equation [3.15] 


M(z + §) = — Kit = —kz..... [4.2] 
and in place of Equation [3.17] 
Ki+k k 
r(X) = 23 4 ( — iw) + 20 
K K 
) 0. 14.3) 


Applying the tests for stability stated in the preceding section, 
one divides 


‘ 
iwA? + 2d [4.4] 
hy 
K, + k k K, 

obtaining for the quotient ay 
(20 [4.6] 
6) 


and for the remainder 
ky 


(: Ki = ( ) (4.7 


In place of Equation [3.23] one is now led to the quadratic 


(kK, + k)M kK, 
fi(A) = + 2A [1 
Kk ( K, + i) 
Ky kK, 
+ =( 
ia ( K, + [4.8] 
Applying the Inequalities [3.24] and noting that 
= 0, b = —2r/w {4.9} 
one obtains 
4h, 1K K, + k)M 
1.10) 


and hence 


Vw? 
w (| + x) 


Now 1/k is the shaft resilience (compliance), 1/A, is the bearing 
resilience, and (1/k + 1/4,) is their sum, and represents the net 
displacement of the rotor mass per unit force on it, so that 


) 
= 
k K, 


where wy is the critical speed of the rotor, equal to the natural fre- 
quency of vibration of the rotor mass against the combined shaft 
and oil film stiffness. 
form 


[4.12] 


Equation [4.11] can thus be written in the 


[4.13] 
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Thus the rotor is stable for all speeds below double the critical 


speed, unstable at speeds above double the critical. 

It will be noted that the foregoing result holds whether the con- 
stant K, is positive or negative, provided 1/K;, is less than 1/k, so 
that Equation [4.12] vields a positive wo. If A, is negative, the 
natural frequency will be increased relative to the value com- 
puted from the elastic stiffness of the shaft only, but wo defined 
as in Equation [4.12] is the more correct critical. It is this eriti- 
cal that figures in Equation [4.13]. 

Throughout the above the “radial spring constant’’ A, of the 
oil film was treated as a constant, leading to force components 
K,&, Kin which are linear in the displacement components. The 
linearity is, of course, necessary for making the problem tracta- 
ble; on the other hand, it is not essential that A, be equal to the 
same constant for different speeds of the rotor. That is, the In- 
equality [4.11] ean be applied equally well to the case where 
K, depends upon the rotor speed, and this irrespective of the man- 
ner of its variation with the speed. However, after wo is deter- 
mined from Equation [4.12] by solving it either graphically or 
numerically the Inequality [4.13] will be replaced by 


+ | 
1 


+ k 
thus showing a departure from the double critical speed. In 
general, A, is large compared with k and the departure of the 
stability limit from 2w» is not appreciable. 

Usually when a rotor critical speed is calculated, the oil film 
‘flexibility’ is neglected. The calculated critical which is ob- 
tained is, therefore, not the true critical which depends also on the 
oil film flexibility as well as on the shaft flexibility but, in gen- 
eral, a higher critical. Only if the critical is determined (say, by 
actual measurement of the amplitude of deflection at various rotor 
speeds) will the true critical be obtained; and only if the further 
variation of K, with w is known, will the opportunity for checking 
the Inequality [4.14] be provided. 

The roots of Equation [4.3] were examined for a numerical 
example (with K,; = 100k) for w = 3a, 4wo, . . . and it was found 
that only one of the three roots had a real positive part, and that 
This is in general agree- 


|4.14] 


its imaginary component lay near two. 
ment with oil-whip observations which show that the frequency 
of the journal whirl is nearly equal to the critical and essentially 
independent of the rotor speed, and that the whirl proceeds in the 
same direction as the rotation of the rotor, 
5 Krrecr or Loap 
It will now be shown that under the same condition of small 
displacements from the center and linearized forces, the effect of 
the gravity load of the rotor may be taken into account, and does 
not affect the stability or instability conditions. 
Let W = Mg be the rotor weight, W/2 the weight per bearing. 
Then the acceleration of the rotor must derive not only from the 
oil forces on the journal, but also from the gravity force of the 


rotor. Equation [3.12] is thus replaced by 
M(t =F, M@+ %) =F, + Mg. (5.1) 
Equations [4.1] for the force on the journal are unchanged. One 


is led to the equations 


kr | 


2KE = 
[5.2] 


k,& 
Kin 


M(# + = 


M(y + 9) = Mg + Kwk 2Kn = —-ky + Mg 

which replace Equations [3.9], [3.12] and Equations [3.13]. 
Equations [5.2] form a nonhomogeneous linear system of dif- 

ferential equations. Its solution can be written as a sum of the 


particular solution 
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r=o, § = —MgK w/D, = MgkKi/D, y = Mg/k, 


D = Kit + K%? [5.3] 


and a general solution of the homogeneous system obtained by 
replacing Mg by zero in the middle term of the latter Equation 
(5.2). 


the constant displacement corresponding to the gravity force and 


The motion has thus been expressed as a superposition of 


of the whirl motion for a rotor free from gravity load, about this 
constant displacement center. 


Dur vo Perropic Forces 


Since rotors, cranks, ete., are at times subject to periodic forces, 
we shall consider the ‘elastic behavior’ of an oil film with a 
rotating journal under the action of periodic forces, again for small 
displacements from the center, 

We shall consider the oil film behavior where the periodic force 


I, = F cos at, 


J F, =0 (6.1) 


is applied to a relatively massless journal, One obtains from 


Equations [4.1] 


F cos at 


|6.2] 


Multiplying the second Equation [6.2] by ¢ and adding to the 


first, one obtains 


kK, 4 
kK 25 + kK r) = F cosat = + (6.3) 
A particular solution of this equation is given by 
etat tal 
+ 
2k 2 kK, > 
2 
K + WwW 1a K iw + 
and separating into real and imaginary components 
2h (*) 4 ( 2 2 ( P 
Vi w a) \ kK + (w + 2a) 
sin (at — 6,) cos (at —- 
n 9 
+ 2a 
\ k \ K a) 
{6.5} 
where 
nam K 2a K + 2 
tan 6, = : ) tan 6, = (6.6) 
i 


The journal center describes an ellipse whose principal axes are 
inclined relative to the (assumed horizontal) direction of the 
applied periodic foree, The first components of &, 97 in Equa- 
tions [6.5] ean be described in terms of response of a resonant 
system of one degree of freedom, with damping, of natural fre- 
quency @ = 

It may be pointed out that the general solution of Equations 
[6.2] consists of a sum of the special solution found and of a solu- 
tion of the homogeneous system which is a damped exponential 
and thus approaches zero, 

If the rotor inertia is not negligible, then insertion of the Force 
[6.1], assumed acting on the rotor proper, in the equations of 


> 
3 
= 
A gqw + 2 + — 
\ — 
Bs 
\ 
‘ 
| 
/ 
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motion yields, upon introduction of < and € as in’ Equation 
{3.14} 
(3.14) 


9 a 

2») k 
4 


dt 


M 


—~ ¢os at 


where 


{6.8} 


and « similar set of equations but with iw replaced by —iw holds 


for 2, ¢ defined by means 


The solution of Equations [6.7] yields 


F etat ( k - a? F 6” tat ( 
2 M 2 


Sflia) 
aif 


flia) 


ry, 


a’F 


f(—ia) 


where f is defined by Equations [4.3]. 

By means of partial fraction resolution, the vibration can be 
described as that of a resonant system with several natural fre- 
quencies, each corresponding to the roots of Equation [4.3]. 

Again, the general motion will consist of a superposition of the 
special Solution [6.10] and the general solution of the homo- 
geneous system obtained in Seetion 4. The latter will be stable 
or unstable according to whether Equation [4.13] holds or not. 

Simons in (6) and Burwell, in a series of articles (11), have 
studied in more detail the behavior of a journal under applied 
periodic forces for large eccentricities. 


LARGE DISPLACEMENTS 


7 
7 a We now turn to the consideration of the nature of rotor insta- 


bility and oil whip for large eccentricities. 

It is obvious that for large eccentricities a proper modification 
is required in the large displacement equations for the forces, 
namely, Equations [2.2], [2.3], and a new equation should be 
used to replace Equation [3.2]. Similar changes should be made 
in the equations which describe the effect of motion of the journal 
center, 

The phenomena of formation of cavities under conditions tend- 
ing to produce a negative pressure and their closing up when the 
pressure is raised are quite complex. Cavitation involves vapor- 
izing of the oil and the release of the air dissolved in the oil. All 
this happens under transient conditions, since the oil near the 
journal is being carried along with the journal, and thus passes 
quickly into and out of regions of negative pressures. A detailed 
investigation of these phenomena is beyond the range of the pres- 
ent treatment, and can be carried out only by combining ex- 
tensive analytical studies with experimental tests. 

The initial stages of oil breaking down no doubt involve the 
growth of incipient small bubbles. In this connection, the author 
has studied the collapse or growth of a spherical bubble in a vis- 
cous fluid (12). However, the determination of the size and 
number of these incipient bubbles and the rate at which they can 
open up so as to cause an open cavity obviously is a subject for 
future investigation. 

Since a complete analytic determination of the negative pres- 
sure area is beyond the scope of this paper, one might proceed by 
The 


using empirical equations for the force components F,, Fo. 


(6.9) 
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components due to a stationary eccentric center are available, say, 
in (10); however, no basic study of the components due to the 
motion of the journal center is known to the author. Tenta- 
tively, equations of the form 


= aa 


3 
= fle) (w — 22) 
No 


F, = ~ [file) V, —file)] 


are suggested as possible generalizations of Equations [2.2], 
[2.3], and from dimensional analysis; here f, f; are arbitrary func- 
tions of c, which may be determined to fit known data for a sta- 
tionary journal center. The solution of the resulting nonlinear 
equations of motion 


+ = F, cos g — Fa sing = —kz | 


M(y + 9) = F, sing + Fecosg = ky 


(7.2) 


where F,, Fe are given by Equations [7.2] and where 


tan g = c? = (£2 + ?)/n.?.. [7.3] 
would be of interest. For a large static load, the stability of 
small oscillations from equilibrium can be studied by means of 
the Hurwitz criteria. 

It ix known that a heavy load may stabilize a rotor at a speed 
where oil whip would be very disturbing under a lighter load. 
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Discussion 
F. P. Bunpvy.‘ To those interested in lubrication and the in- 
stabilities of rotating machinery, this paper will be helpful. In 
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the analysis no attempt is made to assume or deduce the exact 
physical mechanism of the phenomenon, but rather to find the 
consequences of different assumed general oil-film forces, The 
results of the author’s studies are valuable in that they give a 
theoretical backing to the empirical knowledge of the regions in 
which oil whip is likely to be encountered. Very little informa- 
tion is given, however, which can be used in making the detailed 
design of a bearing with certain stability characteristics. 

In Section 1 of the paper, in the brief discussion of Newkirk’s 
qualitative theory of oil whip, the writer would differ a little with 
the author in that, as understood, Newkirk’s proposed mechanism 
does explain the persistence of oil whip at shaft speeds exceeding 
twice the critical speed. In fact, it should beeome more pro- 
nounced with increase of speed because the driving force becomes 
greater. 

It is thought that the author has brought out an important 
point near the end of Section 4, that the critical frequency of the 
rotor-bearing-support system can depend to some extent on the 
“stiffness factor” of the oil film. The latter is known to become 
appreciably smaller in the critical region where the shaft speed is 
about twice the “ordinary” critical frequency. Actually the 
ordinary critical frequency is determined under stiffer oil-film 
conditions than exist when the shaft speed approaches twice the 
critical speed, and thus it should not be surprising to find oi] whip 
starting at shaft speeds somewhat less than twice the ordinary 
critical speed. 

As the author points out, any theory involving nonlinear be- 
havior becomes extremely complicated. Yet we hope that some 
day a theoretical treatment on these grounds can be worked 
through to some conclusions. Also, a theory that would predict 
the effects of oil viscosity on the stability range of a given bearing 
geometry would be weleome. 


G. F. Carrier. The author’s analysis of the oil-whip prob- 
lem uses a model which certainly has the necessary elements to 
explain the phenomenon under consideration. However, it does 
appear that some of the quantitative estimates used in this model 
must be refined before a complete understanding of oil whip will 
be achieved. In particular, he introduces a radial component of 
the force exerted by the oil film on the journal which might be as- 
sociated with cavitation in the lubricant. The magnitude of this 
force is found in terms of the critical speed by using the dynamic 
equilibrium laws. He then uses this same magnitude of radial 
foree to evaluate the instability speed. This implies that the 
radial-force component has the same value at both the critical 
speed and at any speed considered as a possible instability speed, 
in particular, at twice critical speed. It is clearly unlikely that 
the radial-foree component assumes a constant value over some 
speed range as implied here but rather it must be zero at 
zero speed and increase with increasing magnitude of the shaft 
velocity. The consequences of introducing this modification of 
the radial-force estimate into the author's equations does lead toa 
different prediction for the instability speed. The predicted 
speed then depends on the various parameters of the problem and 
is not as compact a result as the “twice critical speed” result. 

The writer believes that the results of using a more refined esti- 
mate of the radial component of bearing reaction would produce 
results which are in better agreement with observation, especially 
for lightly loaded bearings, and that the question shou!d be pur- 
sued much further with this as a starting point. 


A.C. Haaa.* Oil whip of a system employing full bearings has 
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been considered by the author, and his review and extension of 
the theory are valuable additions to the formal understanding of 
this case. In the light of observations, however, there appears to 
be some question whether the interpretation of the theory is en- 
tirely sound and complete. 

Where no radial-film foree acts on the journal it is reaffirmed 
that a rotor system is unstable however low the speed, It also 
follows that the lowest critical speed for this case is zero rpm and 
with this in view it is difficult to understand the author's state- 
ment that these conclusions are completely at variance with ob- 
served facts that oil whip develops at speeds considerably above 
the critical speed only. Further, on the experimental side we 
find that an unloaded (vertical) journal in a full bearing starts to 
whirl at very nearly zero rpm. This implies that for small dis- 
placements we evidently have film pressures slightly at least 
above and below the atmospheric ambient, and the condition of 
zero film stiffness and Robertson's theory is closely approached, 

Under more practical conditions the oil film has radial stiffness, 
and if it is large compared to the shaft stiffness then the eritical 
speed of the rotor is very nearly that caleulated on the basis of 
simple support at the bearings. Then if oil whip occurs, as the 
author indicates, it will have a frequency essentially independent 
of speed and numerically very nearly the critical speed. How- 
ever, can it be said that, in general, the oil-film stiffness A, is large 
compared to the shaft stiffness k? It appears that AK, and k are 
of the same order of magnitude in practical machines, and K, may 
be either less than or greater than k. Thus a calculation based 
on K, = 100 k would cover only one special possibility. Admit- 
ting also low values for K,, and remembering that K, varies with 
speed, we find in more complete agreement with observations that 
in some cases the whirling frequency is essentially independent of 
speed, and in other cases not. Or we may have both frequency 
characteristics in the same machine; over a lower speed range the 
whirling frequency increases with increase in speed until at higher 
speeds the whirling frequency holds at approximately a constant 
value. Under all conditions, of course, the whirling or whipping 
frequency is more or less below one-half running speed, 

In the last section of the paper it is pointed out that for large 
whirling eccentricities the situation becomes nonlinear, and as- 
sumes a rather hopeless aspect. Fortunately, from a practical 
standpoint, we are interested in avoiding whirling altogether, and 
for this purpose we are concerned with the inception of motion at 
the statie equilibrium position of the journal where the linear 
treatment is still useful even for large load deflections, In this 
connection it may be pointed out that if the static load deflection 
of the journal is appreciable then the stiffness in the direction of 
the load is greater than that at right angles to the load, and this 
difference in film stiffness is shown by the linear theory to give 
higher stable speeds. Superior stability characteristics of partial 
bearings are due to this difference in film stiffness, and when a full 
bearing begins to operate as a partial bearing because of less-than- 


atmospheric pressures and cavitation we also have improved 


stability. 

In the discussion of the effect of gravity load it seems inap- 
propriate to identify gravity load with small deflections, Gravity 
load deflections are not necessarily small, and the development so 
fur as gravity load is concerned may or may not apply. This 
development is more logically the effect of small static load de- 
flections. When gravity load deflections are not small stability 
is improved in the manner indicated above. 

P. R. Troempcer.’? This paper, although speculative in many 
respects, is particularly significant at least in its recognition that 
the problem of rotor dynamics cannot be separated from the per- 
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formance of the bearings. The use of knife-edge or rigid supports 
for the shaft is a simple assumption which is no longer adequate 
for many of the turbine designer’s problems. 

There are a few points on which the writer would greatly ap- 
preciate the author’s comments, namely: 


1 Was there any special reason for assuming the radial force 
component in Section 4 proportional to the displacement? Could 
a more general assumption seriously change the nature of the re- 
sults? 

2 Instability, in the author's sense of forces increasing without 
limit, is of course not observed, The forces in an actual machine 
are limited and operation is steady although the machine may 
vibrate severely. The factors which maintain the rotor forces 
within limits are very important and should be included in a more 
comprehensive analysis. This is particularly true if we conclude 
as many have, that the position of the journal center under any 
steady external load is that of an oscillatory motion about some 
The magni- 
tude of this oscillatory motion is all important to the engineer. 

3 Oil whip is generally identified by the rotation of journal 
center at approximately one half the shaft speed, under conditions 
of steady load or load of constant magnitude revolving at shaft 


fixed position, presumably the steady-state solution. 


speed, The author does not appear to obtain this consequence 


from his analysis. The matter of rotor precession induced by 
the bearings has important consequences in critical-speed theory, 

§ The problem of the partial oil film is vital in a satisfactory 
analysis of a practical heavily loaded journal. The author men- 
tions the work of Cameron and Wood, but the writer would like 
to caution against the ready acceptance of their boundary condi- 
tions, Their arguments for using zero pressure gradient at the 
edge of the incompressible film are not valid. 

B. L. Newkirk. The author is to be congratulated espe- 
cially on the attention that he has paid to the dynamics of the 
Iifforts to explain the oil-film whirl by study of the hydro- 
dynamics of the oil film only, are handicapped by a limited view 

It is now believed that the whirl is a ‘‘self- 
in which the rotor vibrates or whirls at its 


rotor 


of the phenomenon, 
excited vibration” 

natural frequency, causing the load on the journal to vary peri- 
odically. Under certain conditions the oil film reacts on the jour- 
nalin such a way as to build up the amplitude of journal motion, 
and this in turn builds up the rotor vibration 
the eyele and the whirl builds up in the natural frequency of the 


This completes 


rotor, 
This view was explained in some detailin a paper by Mr. Grobel 
It is quite consistent with the author’s finding 


of instability with small eccentricity ratio at speeds above 2 


and the writer.” 


times critical 

One of the experimentally determined conditions for build-up 
of the whirl is that the running speed must be approximately twice 
critical speed or higher. When, by reason of heavy unit load, large 
bearing clearance, or other circumstances, a journal runs at large 
eccentricity ratio, the rotor may run without whirling at speeds well 
above twice critical, 

This is an extension and important modification of the explana- 
tion offered by Mr. Taylor and the writer in our first: paper,” 
We discovered ex- 
perimentally the tendency of a journal to whirl in its bearings at a 


based on information available at that time. 


whirl frequency that is approximately one half the rotational fre- 
queney, and offered a simple diagram to account for the phenom- 


Professor Emeritus, Rensselaer Polytechnic Institute, Troy, 
N.Y Mem. ASME. 
Whirl—A Non-Whirling Bearing,” by B. L. Newkirk 
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enon. This explains whirling when running speed is twice criti- 
cal speed. It appeared that, by assuming increasing end leak- 
ages, and modified pattern of oil flow in the bearing, it might ac- 
count for persistence of the fully established whirl as speed is in- 
creased above twice critical. However, it fails to explain the 
behavior of a rotor that, for one reason or another, reaches 4 or 5 
times critical speed without whirling, and then builds up, grad- 
ually, at the resonant frequency of the rotor. 

Of course there may be other factors involved in some cases, as, 
for example, misalignment in a long bearing, as suggested in the 
1925 paper.” 

The author very properly has recognized « quasi-elastic prop- 
erty of the oil film. This may play an important role in cases 
where very stiff rotors and very rigid structures are involved. Tt 
is now generally recognized that critical speeds (resonant speeds) 
of rotating shafts (especially the heavier and stiffer ones) are 
influenced profoundly by elasticity of the bearing standards and 
the supporting structure. In any case of oil-film whirl it seems 
likely that the whirl frequency will be the resonant frequency of 
the rotor, determined by its mass, its own elasticity and that of 
its supports, including any elastic effects of the oil films. 


AuTuor’s CLOSURE 


The author wishes to thank the discussers for their very in- 
teresting and illuminating comments. 

In Section | it is stated that Dr. Newkirk’s simple qualitative 
explanation of the eause of oil whip (or oil whirl) does not explain 
the persistence of oil whirl at rotational speeds w above 2w», where 
Wy is the critical speed. By the simple theory was meant the 
theory in which he supposes that an oil wedge travels at an aver- 
age speed equal to half the journal speed. Such an oil wedge will 
constitute a periodic disturbance of frequency w/2, and will be in 
resonance with wo if @ = 2wy but not for w > 2wy. As Dr. Bundy 
points out, Dr. Newkirk (in his 1925 paper, reference 1) does pro- 
pose a mechanism to explain oil whip for w > 2». This explana- 
tion, however, appears to be somewhat artificial since it introduces 
just enough end leakage to reduce the mean (angular) velocity ot 
Later, in his 1937 paper, Dr. Newkirk pro- 
Dr. Newkirk’s present views 


the oil wedge to wy. 
posed a more sophisticated theory. 
on the subject are outlined in more detail in his discussion 

In Section 4 the assumption is first made that A), the radial 
stiffness constant of the oil film, varies with neither w, nor the ec- 
On this basis the simple inequality @ < 2» for the 
stable range of rotor speeds is obtained. In practice, Ky will 
vary with w. The limit 2w is then replaced by the Inequality 
[4.14] of the paper. 
feature, and are well to the point. 

If one does allow A, to vary with c, then as pointed out by Mr. 
Hagg, the theory of Section 3 is not at all “at variance with ob- 
As shown by I 


ecentricity 


The first three discussions emphasize this 


served facts’’ as stated at the end of Section 4. 
M. Simons in reference (6) of the paper, A, is very small for light 
loads, with the displacement almost at right angles to the load: 
for heavier loads the displacement acquires an appreciable com- 


ponent in the direction of the load and A, increases with c. Thus 
for a vertica! unloaded shaft or a vertical well-balanced rotor, the 
analysis of Section 3 with its vanishing A; does apply. The 


whirling in a vertical bearing at low speeds, observed both by Mr. 
Hagg end Dr. Newkirk (1) thus confirms the general soundness ot 
the proposed theory. In making the statement just quoted, I 
confess to have adopted the attitude of the practical design and 
construction engineer. From his point of view the Harrison- 
Robertson theory, which predicts whirl at all speeds, is at variance 
with facts and lacks something; the introduction of A, supplies 
this deficiency. 

The example given at the end of Section 4 is purely academic, 
and the assumed value A, = 100% was not meant to represent a 
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typical situation. That whirl frequency came out nearly equal 


to wo, I regard as very gratifying, and as further evidence of the 
soundness of the proposed theory since it agrees essentially with 


whirl frequency. 

As Mr. Hagg observes, in Section 5 the journal eccentricity due 
to gravity need not be small, provided the linear range of the oil 
forces given by Equation [4.1] applies for proper K and Ky. It is 
unlikely, however, that A, can be considered to remain constant, 
say, up to an eccentricity of 0.6 or 0.7. 

In regara to Mr. Trumpler’s questions, the assumption that the 
radial force is proportional to the displacement, was made, of 
course, to render the problem linear, so that simple criteria of 
stability can be applied. 

The study of the journal center motion for large eccentricities 
has been carried out by Harrison, Swift, Burwell, and others, but 
for the most part under the assumption of the validity of Equa- 
tions [2.2], [2.3] and without considerations of any ‘“‘rotor iner- 
tia’’ or ‘shaft flexibility.”’ 
whirling motion of the journal center, roughly with a frequency 


These studies indicate a tendency toa 
equal tow/2. This motion must not be confused with the present 
oil whip or whirl of frequency nearly wo, for a rotor of finite mass 
and with a flexible shaft, mounted in sleeve bearings. 

Some day more knowledge will become available regarding the 
pressure in the oil film, and the forces exerted by it on the jour- 
nal, for arbitrary eccentricities and motion of the journal center, 
It would 
certainly be of interest then to carry out a study of the motion of 


and including the effects of cavitation and end leakage. 


the journal and rotor centers for large eccentricity, with properly 
corrected nonlinear oil-film forces, possibly along the lines indi- 
cated in Section 7. On the other hand, unless the nonlinear 


theory predicts low limits for the whirl amplitudes, the integra- 
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tion of these nonlinear equations, is, in a sense, only of academic 
interest. For steady operation, a rotor should be free from large- 
seale whirling and oscillatory motion, and the journal center 
should execute but small excursions from the steady position cor- 
responding to the gravity load and speed. Therefore, what is of 
more interest from the practical point of view is the study of the 
stability of small oscillations about the positions of steady opera- 
tion. If the linear small displacement svstems prove to be un- 
stable, then oil whirl will build up. Moreover, since the integra- 
tion of nonlinear differential equations is certain to be difficult, 
various procedures are likely to be used, based on using mean but 
constant values of A, A), properly adjusted to the amplitudes 
While the effeet of nonlinearity of the oil-film forces (with ¢) may 
limit the whirl amplitude to a finite value, the argument given at 
the end of Section 3 shows that nonlinearity by itself can never 
restore rotor complete stability in a range where the linear theory 
indicates instability. 

Mr. Trumpler’s disagreement with the conclusions advanced 
by Cameron and Wood in regard to the conditions that obtain at 
the boundary of the foaming region is of interest. Since a true 
understanding of the forees of the oil film on the journal cannot be 
obtained without a knowledge of these conditions, it is to be hoped 
Mr. Trumpler will expand on the subject in a technical paper 

In summary, while, as pointed out by Dr. Bundy, no ‘‘mecha- 
nism”’ for the build-up of oi] whirl has been presented in the paper, 
a basic analysis has been proposed consisting in the solution of 
the dynamical equations of motion of the rotor and journal cen- 
ters, taking into account the oil-film forces on the journal, as they 
are determined by the motion of the oil from Reynolds equation. 
Properly applied and extended the analysis should prove very 
helpful in predicting oil whirl and eliminating it. 
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The characteristics of several types of 4-way flow-control 
valves are derived without making linearizing assump- 
tions. These characteristics are plotted as load flow versus 
load pressure, in a manner analogous to the plate char- 
acteristics of a vacuum tube. Several differential coef- 
ficients are derived and tabulated, and the valves are com- 
pared from the standpoint of linearity, sensitivity, power 
out put, and losses. 


INTRODUCTION 


y HEN the Dynamic Analysis and Control Laboratory 

(DACL) began work on flow-valve servos, one urgent 

need was the creation of a medium of communication 
between the hydraulics engineers and the servo designers. This 
type of problem is common to all research and development work, 
and in this instance the specific task was to find out which hy- 
draulic characteristics of the 
servo standpoint, and to set up a method whereby the servo de- 
signer could specify quantitatively what kind of valve the hy- 
draulics engineer should supply. The first solution of the problem 
at the DACL was given in an internal memorandum by Dr. A. C. 
Hall, then director of the laboratory, in which he worked out the 
equivalent circuit and the transfer function of the 4-way valve 
on the basis of certain linearizing assumptions. These assump- 
tions were contrary to fact, just as the assumption of the linearity 
of a vacuum tube when operated as a class-A amplifier is contrary 
to fact, but as in the case of the vacuum tube, 
upon such an obviously insufficient foundation has worked and 
worked well. 


valve were of importance from the 


the theory based 


The present paper examines the characteristics of several types 
of 4-way control valves without making these linearizing assump- 
tions, and attempts to determine the best conditions of operation 
and to derive some valve ‘‘constants’’ which will be of use to the 
system designer who wishes to employ such valves as elements of 
servo or control systems. 


i-Way VALVE 


The two basic assumptions of this paper are that the working 


GENERAL 


fluid is incompressible and that its viscosity is negligibly small. 
effect on flow rate is concerned, the former as- 
sumption is justified for all ordinary oil-hydraulic systems. The 
assumption of negligible viscosity is less accurate since it is not 


In so far as the 


always practical to design a system so that viscous pressure drops 
At the maximum 
flow rates there are appreciable viscous losses in the tubing and 


are negligible for all conditions of operation. 


other elements of most systems, but at worst these losses should 
represent only a small fraction of the total power involved and in 
most cases they can be lumped with the motor losses or with the 
mechanical power taken by the load. 
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MASS. 

In a system where viscous losses do not occur, all pressure drops 
(other than gravitational terms, which are neglected, and the power 
delivered to the load) must arise from the transformation of pres- 
sure head to kinetic head which takes place at any restricting 
orifice. In flow-control valves of most commonly used construc- 
tions these orifices are sharp-edged, and according to theory the 
flow rate should be proportional to the area of the orifice and to 
the square root of the pressure drop across it. Experiment shows 
that the theory is justified and that the discharge coefficient of the 
orifice is constant over a very wide range of operational conditions. 

Hydraulic and electric circuits can be considered analogous if, 
for example, taken as the analog of 
current, of flow rate. A 4-way valve working into « load is shown 
schematically in Fig. 
Wheatstone bridge. Application of Kirchhoff’s first law to the 
equivalent circuit gives four pressure equations for the system 


+p = 


voltage is pressure and 


1, together with its analog, a loaded 


+ ps 


SUPPLY 


Scuematic Diagram or 4-Way Varve 


> 
| 
Pressure-Flow Relationships tor 4-Way Valves | 
| 
: 
be 
in, 
q 
= 


1164 


In these equations the p's represent not absolute pressures but pres- 
sure drops across the circuit elements indicated by the subseripts; 
8 for the supply, m for the motor (the hydraulic load of the valve), 
and numbers for the numbered bridge arms. Kirchhoff’s first 
law in the electrical case corresponds to the definition of pressure 
as 4 scalar quantity in the hydraulic case. 

Kirchhoff's second law is the electrical analog of the law of 
the conservation of mass in the hydraulic case; its application to 
the circuit in Fig. | gives four additional equations for the flows 


= Am 
Here the q's represent the rates of flow in the several branches; 
the subscripts are the same as before. 
Finally, the application of the orifice law to the four metering 
orifices of the valve vields four more equations 


pr 

q@2 = Vp 
q 


The g’s are the hydraulic conductances of the four valve orifices. 
The conductance of an orifice is given by 


2G 
g= Ca = 


where 


discharge coefficient 
= area of orifice 
= acceleration of gravity 
= weight of fluid per unit volume 


It has been found experimentally that for all valve configurations 
tried, C, = w/(w + 2) = 0.611, the theoretical value for a circular 
orifice, within the errors of measurement. For petroleum-base 
fluids weighing approximately 0.031 Ib per cu in. and in in-lb-sec 
units, g = 95a for a single orifice. For rectangular ports, a = we, 
in which w is the peripheral width of the valve port, with the result 
that in Mquations [14] and [16] of the next section, ky = 95w. 

In Equations {9] through [12] the g’s will all vary as the valve 
stem is moved, the exact law of variation depending upon the de- 
sign of the valve. This paper will discuss several different de- 
signs 

The twelve equations just written define the relationships be- 
tween pressure and flow for a particular valve when combined 
with the equations for its g's. It should be noted that two of the 
groups of equations are redundant; actually there are ten rather 
than twelve independent equations. Of the various quantities 
involved, the g’s and either p, or q, are assumed to be known 
The output quantities p,, and q,, will be related by some equation 
that depends upoa the characteristics of the motor and its load 
They must be considered as two independent variables, and the 
basic task is to derive a single equation which involves only them 
and the known quantities. Even in the linear case the resulting 
equation is rather complicated; in the present case the squaring 
operations required to eliminate the radicals of Equations [9] 
through [12] make the general equation almost completely un- 


manageable, It is expedient, therefore, to introduce at this point 
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the auxiliary conditions for the special cases rather than to try to 
operate on the general equation. 

For brevity the five special cases considered here will be re- 
ferred to as J, U, and F for the ideal, underlapped, and flapper 
valves, respectively, and the subscripts p and q will denote opera- 
tion from a constant-pressure or a constant-flow source. 


IpeaL VALVE 


The ideal valve [I] may be defined as one with zero radial 
clearance and no overlap or underlap. In addition, it is almost 
mandatory for high-performance servo operation that the sleeve 
ports be rectangular rather than the more easily manufactured 
drilled ports, since only in this way can the gain of the valve be 
made independent of valve-stem position. For such a valve the 
conductances are 


kyr {14a} 


= thir [145] 


in which 2 is the displacement of the valve stem from center. It 
should be noted that the conductances can never be negative, for 
this or any other valve; they are always zero or positive. 

For the ideal valve (and also for other valves outside of the 
region of underlap) the equivalent bridge degenerates to a simple 
series circuit since two opposite arms are always nonconducting. 
The equation for such a circuit can be written down by inspection, 


either 


Substitution in Equation [15] of the g-conditions of Equation 
. 14] gives as the equation of the ideal valve 


q? 


2 . [16] 
g? 


Pn = P, —2 


This equation can be made more generally applicable by non- 
dimensionalizing. Three dimensionless ratios can be defined as 


follows 


V Ds 


and 


Ymax Tmax 
In the last equation rmsx is the maximum usable deflection of the 
piston, which depends upon the design of the valve, and gmax is 
the conductance of an orifice at that deflection. Combination of 
these equations with Equation [16] results in 


2 

= 1 


which is the equation of a parabola. The characteristics of an 

ideal valve are plotted (in somewhat modified form) in Fig. 2. 
The choice of the ‘“‘best’’ method of plotting the equations is 

largely a matter of individual preference. The method used here 
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Pig. 2) CHaracreristics oF Vatve 
has been chosen because it is analogous to the equivalent plate- 
characteristic curves of a push-pull vacuum-tube-amplifier stage. 
This method of plotting makes the scale of pressures increase to 
the left, so that the upper-left and lower-right quadrants corre- 
spond to a flow of power from the valve to the load. For « purely 
dissipative load a single load line can be plotted on the figure, 
passing through the origin from upper left to lower right. If 
the load is viscous (which is practically never true in practice), the 
load line will be straight. [fit contains an energy-storage element, 
the load locus will be an ellipse when only viscous resistance is 
If a load line can be plotted for the 
actual load in question, the output can be plotted for a given 


present or a distorted ellipse. 


input (the input being the valve position y) by using the graphical 
methods of the vacuum-tube engineer, 

It should be noted that if y is taken as the fractional conduet- 
ance rather than the fractional stroke, the equations and figures 
of this paper will apply to valves with ports of shapes other than 
rectangular. In making such an application, however, it must be 
remembered that y is no longer proportional to the piston dis- 
placement .; the use of nonrectangular ports nonlinearizes the 
stroke scale just as the use of a variable-pitch grid, for example, 
nonlinearizes the grid characteristic of a triode. 

As already stated, the curves in Fig. 2 also apply to an over- 
lapped valve, and to an underlapped valve after the piston has 
moved far enough to take up the underlap, if 7 is defined properly 
in each case. In servo work there is usually nothing to gain and 
everything to lose by making a valve with an appreciable amount 
of overlap, although in cases where the volume of oil used must be 
held to an absolute minimum, enough overlap must be provided 
to minimize the leakage flow at the cost of a considerable reduc- 
tion in linearity. The underlapped valve, however, is a different 
matter and must be treated in its own right. 


UNDERLAPPED VALVE 


The discussion in this section will refer to an underlapped valve, 
{’], operated in the underlap region, 
usually is, operated far beyond the region of underlap, but outside 


Such « valve may be, and 


of this region its characteristics are those of an ideal valve. 
With an underlapped valve a convenient initial assumption is 
that the valve is symmetrical, with the result that when the piston 
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is centered, all four orifices are equal, If the ports are rectangular, 
the conductances of two of the orifices will decrease and those of 
the other two will increase: therefore 


and 


= + y). {216} 


where g is the conductance of each of the four orifices with the 
piston centered, and y is the fractional stroke 


where is the actual displacement of the piston from center 
(counted positive to the left in Fig. 1) and wis the underlap. (It 
is assumed that y cannot exceed 1, since when the stroke is greater 
than the underlap, the valve becomes ideal. ) 

The derivation of the flow equations is simplified greatly by 
noting that the svmmetry of the conductances insures that 


p= p 2:3] 

po = Pa |24] 

= 
= |26] 


When these conditions are combined with the basic valve equa- 
tions, it becomes fairly easy to derive expressions for p,, as a fune- 
tion of q,,, y, and the known quantities. The steps of these deriva- 
tions will not be given, but only the resulting equations 

Two cases are of interest, one, [U,], in which the valve is fed 
from a constant-pressure source and the other, [U,|, in which the 
source is a constant-displacement pump and the source pressure 
is uncontrolled. For [U,], the underlapped valve fed from a con- 
stant-pressure source, the nondimensionalized equation is 


QO? = 1 + — 2%, —A— 1 
where 
dm ans 
©,, 4 = nondimensionalized output flow [28] 
IN 
and 
nondimensionalized output pressure 24) 


and the other quantities have been defined previously, 

equation [27] is plotted in Fig. 3.) Comparison with Fig. 2 
for the ideal valve shows that the underlapped valve is much 
more linear; over a large part of the area of the figure the curves 
This desirable 
at the cost of very high 


are nearly straight, parallel, and equally spaced 
characteristic, of course, is obtained only 
leakage, so that the underlapped valve working wholly in the 
underlapped region is impractical for most applications involving 
appreciable power, However, it may be desirable to add a small 
amount of underlap to an ‘ideal’ valve to increase its linearity 
near zero 2nd to supply damping to the system. 

If this same valve is operated from a constant-flow source, such 
aus a fixed-displacement pump running at constant speed, tts 
characteristics are changed radically, If p, is eliminated from the 
equations and q, is retained, the characteristic equation becomes 
| y?)? = yQ,,? (1 + + 30) 


where 
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4°" = nondimensionalized output flow {31} 


= nondimensionalized output pressure... [32] 


and the other quantities are defined as before. equation [30) is 
plotted in Fig. 4; as can be seen, the characteristics are so non- 
linear that satisfactory servo operation could be expected only 
over a comparatively small region near the origin. Since the 
stand-by losses would be the same for this as for the previous case 
and since the only gain would be the (possible) elimination of a 
relief valve, this case is of little practical interest 
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FLAPPER VALVE 


The difficulty of manufacturing spool-type valves with sufficient 
dimensional accuracy to insure high performance makes it de- 
sirable to find some other construction which will be easier to 
produce while at the same time giving acceptable performance. 
One such construction is the flapper valve [FP] which is shown 
schematically in Fig. 5. This valve is again a hydraulic 4-arm 
bridge, but differs from the previous types in that two of the arms 
have constant conductances; in the example given only the two 
downstream orifices are varied. This adds one parameter to the 
equations, namely, k, the ratio of upstream to downstream con- 
ductances when the flapper is centered, and eliminates the sym- 
metry condition which held for the underlapped valve and was 
expressed in Equations [21]. Since it can be shown that both 
linearity and pressure sensitivity (which will be discussed later) 
will be affected seriously if the conductance ratio departs very far 
from unity, this additional parameter can be eliminated, 
the loss of the symmetry condition makes the derivation of the 


Even so, 


ENLARGED SECTION OF FLAPPER AND JETS 


hig. 5 Secnematic DiraGcram or Flapper Vatve 


general equation for the flapper valve fed at constant pressure 
very laborious, and the resulting equation is excessively com- 
plex. For the purpose of computing the flow-pressure diagram, 
it is preferable to compute jm and p, separately: the difference of 
the two is the output pressure p,,. After nondimensionalizing, 
the necessary equations are 


a= at+la 21 Va Q,.*. . [33] 
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[35] 


/ 
aPm _ (PB 
Pe P, Ps 


[36] 


[37] 
BAyrz+242 


Fig. 6 is a plot of &,, against Q,, from these six equations. 
Again, the linearity is very good, being only slightly worse than 
for Fig. 3, and this nonlinearity occurs in portions of the ‘‘nega- 
tive’ quadrants which do not represent probable conditions of 


operation. 


—1.0 
+10 +08 


| 
+06 +04 +02 0 
Prm 


CHARACTERISTICS OF FLAPPER VALVE 
CoNSTANT-PRESSURE SOURCE 


-02 -04 -06 


Fia. 6 OrerRATeD From 


Again, the use of the same valve with a constant-flow instead of 
a constant-pressure source results in a radical change of character- 
isties. The derivation is still laborious but much simpler than in 
the previous case. The result is better adapted to computation if 
an auxiliary variable is introduced; let 


(39) 


[40] 


In terms of @,, and §,,, the general equation becomes 


— + + = 0 . [42] 


Equation [42] is plotted (in terms of ®,, versus Q,,) in Fig. 7. 
Comparison with the previous diagram shows that, just as in the 
case of the underlapped valve, the change from a constant-pres- 
sure to a constant-flow supply has affected the linearity, though 
much less than in the former case. Again, since the high leakage 
flow makes the efficiency very low, the flapper valve is not suitable 
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for applications involving large output power. This limitation 
normally restricts it to pilot-valve service, where linearity is im- 
portant, and accordingly it is preferable to use a constant-pres- 
sure source. 

The same general methods that have been applied to the five 
foregoing cases can be used with any configuration of orifices 
connecting a supply and a load, but the nonlinearity of the basic 
It is often 
possible to use a two-step process; for example, the case of a 
motor shunted by a leakage orifice can be handled by computing 
the total (motor plus orifice) flow for the appropriate configura- 
tion and then calculating the shunt leakage flow as a function of 
motor pressure drop and subtracting from total flow to obtain net 


flow equations makes such calculations laborious. 


motor flow. (Incidentally, since this calculation shows that such 
a shunt orifice introduces a serious nonlinearity at the origin, this 
The 


eases which have been discussed, however, will be sufficient for 


scheme should not be used for high-performance servos. ) 


most practical applications. 
DIFFERENTIAL 

Like vacuum-tube characteristics, motor speed-torque curves, 
and other graphical representations of more or less complex 
phenomena, the curves in Figs. 2, 3, 4, 6, and 7, are useful for 
qualitative comparison of the various cases discussed but are 
If such caleulations 
of system performance, and so on, are to be sufficiently simple to 


poorly adapted to quantitative calculations. 


be useful, it is almost necessary to derive some single ‘‘constant’”’ 
or coefficient which can be inserted in the appropriate formula. 
This coefficient may very well be different for different caleula- 
tions, and the choice of the “best’’ one is by no means obvious. 
In attempting such a choice in the present case, analogy may 
prove a belpful guide. 

As stated previously, the representation selected for the five 
diagrams was chosen because of the analogy between the hy- 
draulic system and a loaded vacuum-tube stage. If this analogy 
is pursued a little further, it suggests the derivation of three dif- 
ferential valve coefficients which will be analogous to the ampli- 
fication factor, plate resistance, and mutual conductance of the 
vacuum tube. For the ideal valve, the characteristic equation is 
simple and such coefficients are easy to derive. Table 1 gives the 
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TABLE 1 
Vacuum-tube case 

Plate voltage ep 

Plate current tp 

Grid voltage ey 
tp = const 
Oe, 


Plate resistance 
& = const 


Trans onductance gm A 
Org = const 
on 
Motor time constant® Ura 47 — 
oT @ 

Ky A 


Servo velocity constant* 


@ In last two lines symbols are defined as follows: 
moment of inertia of servomotor 


angular rate of motor shaft 

maximum no-load speed of hydraulic motor with y 
motor torque 

stalled torque with y 
motor current 


1 and given p, 


error signal at input to servo amplifier 
motor lacement per radian 


definitions of the three coefficients for both the electronic and the 
hydraulic cases, and the formulas for the latter. 
The 
"satisfactory to the communications engineer and to others whose 
_ background includes a good deal of electronics, but may leave the 
Ile 


vacuum-tube analogy probably will be psychologically 


powe r specialist unhappy. may prefer to use only one 
* adrant of the figures, and to consider the individual curves as 
torque-speed curves. If this is done, two other differential co- 
efhicients are suggested by the tre stoned of motor characteristics 
commonly used in texts on servomechanisms.? These coefficients, 
which are also given in Table 1, are the motor time constant and 
the servo velocity constant. 

lable 1 gives formulas for the five coefficients only for the case 


where the characteristic curves are parabolas. 


 plieated as to be of little value. 
tity which will characterize the performance of the fairly 
accurately over a reasonably large portion of the operating region. 
The 
fact that for almost all typesof servo operation the operating point 
is the origin of the curves given, so that the primary interest lies 
in the value of this quantity near the origin, It turns out that 
there are two such quantities and that they can be expressed 


What is needed is a single quan- 
valve 


attempt to define such a quantity is helped greatly by the 


fairly simply. 
The first of these quantities may be called the flow sensitivity 


of the ideal valve, 
It no doubt would be possible to derive at least some of the 
_ corresponding formulas for other cases, but they would be so com- 


of the valve. It is defined as the derivative of output flow with 
= spect to spool position when the output pressure drop is zero 
— (ie., with the output short-circuited) and the spool is centered. 
Since the combination of a flow-control valve and a motor is in- 
the motor-shaft. position is essentially 
the time integral of the spool position—-it would seem that this 
quantity is the most important single constant of the valve. 
The other important coefficient is the pressure sensitivity. It 
_is defined as the derivative of output pressure with respect to 
spool position with zero output flow (i.e., with the motor blocked ) 
and the spool centered. The magnitude of the pressure sensitivity 
isa measure of the ability of the valve-motor combination to start 


herently an integrator 


a high-inertia load, and is primarily because the attainable 
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1 and given p, 


values of this quantity are high that hydraulic servos are so use- 
ful. The two coefficients just referred to, for all five of the cases 


discussed, are given in Table 2. 


Power REQUIREMENTS AND EFFICIENCY 

The final characteristic to be discussed in this paper is the power 
input tothe loaded valve and itsefficiency. 
question of efficiency is probably of less importance for a hydraulic 
device than for a distribution transformer or a squirrel-cage 
motor, for example. In the first place, temperature control of a 
hydraulic or pneumatic device is usually easy or unnecessary since 
and the heat de- 
veloped by losses in the system may be removed by a heat ex- 
changer at any convenient point. In an electrical power device, 
on the other hand, the medium has no such effeet and cooling is 
usually a major problem. Then too, several types of hydraulic 
power sources are essentially constant-power devices; they put 
ny power not utilized 


For several reasons the 


the power medium itself serves as a coolant 


energy into the oil at a constant rate and a 
by the load is wasted in heat, either in the control valve or else- 
where. With such a power supply there is relatively little point 
in worrying very much about efficiency in the power-using or 
controlling device. Finally, average efficiency is usually high 
only in a system with a relatively constant load; in systems with 
poor load factors, and especially with high-performance servo- 
mechanisms, the average efficiency is determined more by the 
nature of the load and especially by what the load is to be made to 
do than by the design of the servo itself, 

The foregoing remarks are probably somewhat too strong. 
Obviously if a device is only a few per cent efficient, it is un- 
economic to use it at high power levels. The real point is that a 
difference between, say, 50 and 75 per cent efficiency is usually 
unimportant for the devices under discussion. 

The input power to a 4-way valve is obviously the product of 
the input flow and the supply pressure. One of these quantities is 
assumed to be known in each of the cases already discussed, but in 
general, the expression for the other is as complicated as that for 
the output quantity, and it has not seemed worth while to com- 
pute families of input flow-versus-pressure curves analogous to 
the output curves already given, Instead of such families of 
curves, Table 2, for each of the five cases considered, gives a 
number of quantities which may be of interest for particular 


applications, These quantities are as follows: 


= 
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TABLE 2 SUMMARY OF VALVE CHARACTERISTICS 
(2) | pe 2 Pe r ds 
dm max Omax 2 Ps ds 
2 2 k=1 k= 1 
(3) Conditions for We = max Pa = 3 Pe Pm = Ps No maximum ‘~- = 3.026¢m yg es 


27 


Efficiency when Wy = max | 


4 (6) W, = 0 


2p 
(7) Infinite = Infinite 
u gtu 
ry Tinax u u u 2 
Nore: In last two columns formulas are given for k = 1, where k = ratio of conductances; g:/g = g:/g9 = kandg: = go = g wheny = 0. Inthe 


[Fg] case, since W, increases without limit as & approaches zero, this is not a usable criterion. 
3am, but decreases only 0.2 per cent for k = 1 and gy = 3.026qm, and these are values chosen since they give maximum value of Kye, slightly improve 
+1 for items (1) through (5) and y = O for items (6) through (8) 


linearity, and greatly simplify valve equations. In all cases, y = 


Pm max, Maximum output pressure with valve spool or flapper in 
its extreme position and output blocked. It is analogous to stalled 
torque of a fully excited motor. 

dm max, Corresponding absolute maximum flow with output short- 
circuited. 

Condition (or conditions) for obtaining absolute maximum 
power that can be taken from valve by any load. 

max, Maximum power output. 

Efficiency of valve itself under maximum output conditions. 

W,, loss with valve centered and output zero. i 

K,,, pressure sensitivity (defined in previous section). or 

K,,., flow sensitivity (defined in previous section). 


COMPARISON OF Five Cases 


In conclusion, the five cases already described wiil be compared 
on the basis of the data in Table 2 and the curves in Figs 2, 3, 4, 
6, and 7. 

Operation from a constant-flow source can be dealt with rather 
summarily. The J,-case need not be considered since with any 
simple series circuit the speed would be constant and motion of the 
valve stem would affect only the input pressure. The same state- 
ment applies to the Uj-case when y = +1, and for the same 
reason. For smaller absolute values of y there will be considerable 
leakage flow, and this will be even worse for the flapper valve; 
thus these two valves would be unsuitable for high-power applica- 
tions. A glance at Figs. 4 and 7 shows that their extremely poor 
linearity rules them out for pilot-valve service also. 

When operated from a constant-pressure supply, each of the 
three types of valve is potentially useful. Again, for high-power 
applications only the /,-case, or some close approximation thereto, 
is of interest; its principal disadvantage, compared with the 
other two, is its poorer linearity. The U’,-valve is the best in this 
respect, and the F,-valve is not bad and should be easier to make, 
If the maximum valve-stem or flapper dc flection and the periph- 
eral port width are the same for the three valves, the maximam 
output pressure for the F,-valve is only 0.8 that for the other two, 
and the maximum output flow for U, is twice that of the others, 
The peak output power for U’, is twice, and that for F, is 0.71 that 
for 7,; the efficiencies at peak output are, respectively, 67, 67, and 
17 per cent. The pressure sensitivity of J, is theoretically infinite; 
in practice it is not particularly difficult to get 10° psi per in. for 


p, = 1000 psi. For the other two the pressure sensitivity is in- 


BLACKBURN—CONTRIBUTIONS TO HYDRAULIC CONTROL—3 


ops? /2 Infinite 0.1922gp,"/2 A 
1 0.1671 0.1671 


2g? 


In the [Fp] case, isa maximum fork = 1/8/9 = 


versely proportional to the underlap and is twice for U’,, what it is 
for F,. Finally, the flow sensitivity for U’, is twice that for either 
of the others. 

The requirements of a particular application naturally will de- 
termine the choice of valve type, but in a general way it can be 
said that power applications require the J-valve, perhaps with 
minor modifications such as the use of a judicious amount of 
underlap. 
consumption must be minimized, but where this factor is not im- 
portant they could be either U’,-valves if the highest linearity is 
important, or /’-valves if some linearity can be sacrificed in favor 


Pilot valves also could be J-valves, especially if oit 


of easier manufacture. 

The foregoing article is certainly not the last word on the choice 
in view of the large number of 
factors that enter into that choice, it is unlikely that that last word 
will ever be written. 


of a valve for servo applications; 


It is hoped, however, that the formulas and 
curves which have been presented will be of some help in specify- 
ing valve characteristics for particular applications, and perhaps 
also in understanding how a valve functions as part of a control 
system. It is also hoped that further experience in this field will 


result in other papers of more immediate applicability. ie 
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Dis 
Jiscussion 


R. W. Bonn. 
valve are indispensable to the electronics engineer, so may become 


Just as the plate characteristics of the electronic 


the pressure-flow relations of the hydraulic valve to the hydrau- 
lies engineer. 
characteristics of typical hydraulic valves in a form analogous to 


The author's work in establishing the theoretical 


vacuum-tube characteristics is a major step forward in facilitating 
Not only 
can the characteristics of a nonlinear load be plotted upon the 


the choice of hydraulic valves for specific applications. 


valve characteristics to show accurately the resulting nonlinear 
response of the system, but also the behavior of the valve in con- 


3 North American Aviation, Ine., Downey, Calif. 
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trolling a reactive inertial or spring can be shown aeccu- 
rately. 

A logical forward step is that all manufacturers of quality con- 
trol valves will include in technical brochures—perhaps in engi- 
actual pressure-flow curves for each valve 


It would be difficult indeed for the electronics engineer of 


neering handbooks 
model 
today to design efficiently a vacuum-tube circuit without the use 
of the conventional plate characteristics. Similarly, the hydrau- 
lic-control engineer of a few years hence very possibly will have 
developed a similar attitude. In view of the costliness of cut- 
and-try procedures with hydraulic equipment in comparison with 
electronic equipment, the use of this design procedure in the 
hydraulics field may become even more advantageous than the 
use in the electronics field. 

It is unfortunate that the author did not have some actual 


olf 
j— 


measured pressure-flow characteristics for a typical valve in order 
to demonstrate the accuracy with which his theoretical curves can 
Furthermore, accurate measurements taken 
within the region of underlap of an actual valve would be valuable 
in showing the manner in which the “ideal” characteristics outside 
of the region of underlap blend with the “underlapped”’ character- 
istics. 

Finally, an illustration of the appearance of typical hy- 
draulic-load curves upon characteristics of an actual valve, 
particularly under steady-state sinusoidal or under transient 
conditions, would be enlightening. Such important choices as 
hydraulic-motor displacements or ram areas to achieve optimum 
“impedance match” of the valve to the load would be rendered 


be approached. 


amenable to direct analysis by means of simple plots of pressure- 
flow relations of the load upon the valve characteristics, 
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By 


Several devices based on the hydraulic analog of the 
Wheatstone bridge are discussed. These include bridges 
and derived configurations for which flow is proportional 
to pressure but independent of the viscosity of the liquid 
used, fluid sources with linear output resistances, and a 
bridge for the direct of hydraulic 


measurement con- 


ductance. 


INTRODUCTION 

ROBABLY everyone who has written or thought about 

| hvdraulic systems within the century has used the 
inalogy with electric circuits, in which a 4-way selector valve 

is the hydraulic analog of a Wheatstone bridge. This analogy 
is correct but may be somewhat misleading because the elements 
making up the bridge arms in the electrical case are almost al- 
ways linear—they obey Ohm's law —while the orifices that form 
the arms of the hydraulic bridge are not, since for a sharp-edged 
orifice the flow rate (current) is proportional to the square root of 
the pressure drop (voltage drop). This nonlinearity greatly com- 
plieates the bridge equations and makes much more difficult the 
visualization of the flow-pressure relationships in a system con- 


pust 


taining orifices. 

It is possible in certain cases, however, to devise systems of ori- 
fices in which the nonlinear terms cancel leaving a linear residue, 
and most of this paper will be devoted to several such systems. 
The last part will describe a bridge which has been used to meas- 


ure the hydraulic conductance of an orifice directly. 
LINcEAR Hypravutic RESISTANCES 


A special case in the theory of the 4-way valve suggested the 
circuit shown in Fig. 1. This circuit is a balanced 4-arm hydrau- 
lic bridge with the conductance of each of the four arms equal to 
g, and with the bridge supplied from a constant-flow source of 
inagnitude q,. Because of the symmetry of the circuit, the flows 
in diagonally opposite arms of the bridge will be equal, so that 


qs ; 1] 

and 

but 

and 


where q,, and p,, are, respectively, the flow through the ‘load’ B 

and the pressure drop acress it, and p, and p, are the pressure 

drops across the orifices indicated by the subseripts. 

Research Engineer, Dynamic Analysis and Control Laboratory, 
Massachusetts Institute of Technology. 

Contributed by the Machine Design Division and presented at the 
Annual Meeting, New York, N. Y., November 30—-December 5, 1952, 
of Tue American Society or MecuaNnicaL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be un- 
derstood as individual expressions of their authors and not those of 
the Society. Manuscript received at ASME Headquarters, August 
15.1952. Paper No. 52—A-43. 
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m 
If the assumptions usually involved in flow-valve theory «are 
made (incompressible and nonviscous fluid, negligible pressure 


drops except across the two pumps and the four orifices, and the 
square-root law for the orifices), the following equations ean be 
written 


aq... 


and 
qa 


From these seven equations it is very easy to derive an equation 


in terms of p,, q,,, and the known quantities and 


Thus for fixed values of orifice conductance and supply flow rate 
the output flow is directly proportional to the pressure producing 
it, and the device looks like This is 
true only for output flows no greater than the input flow in abso 
lute magnitude; 
put flow and pressure is parabolic 


a pure viscous resistance 


outside of this region the relation between out 

Also, it should be noted that 
the direction of the supply flow makes no difference; q, is always 
positive, and the minus sign in [Xquation [8] shows that the bridge 


will absorb power from the “load.” This load can be a constant- 


displacement pump with « displacement d. Forsuch « pump (neg 
lecting losses in the pump itself, which is « ressonably accurate 


assumption for high-quality pumps) the torque will be 


T = p,d 


and the speed will be 


lian? 
q, see radian 
ac 
where 

r torque, in-lb/radian 

d = displacement. cu in/radian 


p = weight of fluid, Ib/cu in 


Ie source flow rate, cu in /sec 
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N = speed, radian/sec 

C, = discharge coefficient = 0.611 

A = area of each orifice, sq in. 

G = acceleration of gravity, in/sec* ares 

For the commonly used petroleum-base fluids with densities‘of 
approximately 0.031 Ib/cu in. the equation becomes 

a4, 

Cy, = —1.07 X ... [12] 
Thus the device is a pure viscous load with a friction coefficient 
that can be varied by changing one or more of the three factors d, 
qs, and A. The first two can be controlled by using a variable- 
displacement pump for either B or A in Fig. 1. A simpler and 
less costly solution to the problem would be to vary the areas A of 
the four bridge orifices so as to remain equal at all times to keep 
the bridge balanced, but this method has the minor disadvantage 
that the friction coefficient would be proportional to the inverse 
square of A. It would be possible, however, to maintain a linear 
relation between the coefficient and the travel of the quadruple 
valve stem by using suitably shaped ports. 

The completely symmetrical bridge in Fig. 1 is not the only 
configuration of orifices for which the nonlinear terms vanish, 
Suppose, for example, that g; in Fig. 1 is made zero and gq is made 
infinite. The equivalent cireuit then becomes that shown in Fig 
2. Hquating the pressure drops along the two paths from A to B 
gives 


f gs is made equal to g;, multiplying by g?, expanding, and cancel- 
ing similar terms gives 
= — 244m: - [M4] 


which is the equation of a straight line in terms of p,, and q,,. 
Thus the combination of «a constant-flow source and two identical 
orifices as shown is the hydraulic analog of a constant-voltage 
battery in series with a constant linear resistance. 

This configuration leads in turn to another one which also acts 
as a constant linear resistance, and is shown in Fig. 3. Here a 
motor shunted by an orifice is connected in series with an identical 
pair and the combination fed as before by a constant-flow supply. 
If a fictitious motor pressure be defined as that pressure which 
would give the observed output torque when applied to one of the 
motors of the pair, then, since the output torques are opposed 


Pm = Pan — Pac = [15] 
g 


| 


But since the motor shafts are constrained to turn in opposite di- 
rections 
[16] 


= In = 


Multiplying by g?, substituting Equation [16] in Mquation [15], 
and canceling like terms gives 
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Fig. 3) Linear Mecuanicat ResisTANCcE 


[17] 


This equation is identical with Equation [8] except for the factor 
of 4. The configuration in Fig. 3, like that in Fig. 1, therefore 
represents a viscous resistance as seen from the motor shaft. It 
differs from Fig. 1 in two ways, however; it is much less economi- 
cal because it requires two motors instead of one, and the mo- 
tor pressure drop p,», is now a fictitious one and does not actually 
exist between any two accessible points in the system. 

Undoubtedly, there are other configurations which have the 
same property of canceling nonlinear terms, but the three just 
given should illustrate the principle. They are probably of more 
theoretical than practical importance, though there might be oc- 
casions when the scheme in Fig. 1 would be useful. 


BripGe FOR MEASUREMENT OF HypRAULIC CONDUCTANCE 


The Dynamic Analysis and Control Laboratory has found that 
the only practicable method of making spool-type valves with di- 
mensional tolerances sufficiently small for its purposes is to leave 
the spool lands extra long and to adjust them by a final grinding 
operation. The amount to be ground from each land face is de- 
termined by taking curves of flow versus spool] position for each 
orifice separately. These curves are taken using a hydraulic 
motor driving a tachometer to measure the flow rate. At one 
time when flow measurements were causing a good deal of trouble, 


= 
c 
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a simple hydraulic bridge, shown in Fig. 4, was made to measure 
the hydraulic conductance of the orifice directly. 

The sketch is practically self-explanatory, but a few comments 
may be helpful. The ratio-arm orifices were 0.030-in. holes in 
0. 002-in. stainless-steel foil. The holes were slightly burred and, 
therefore, were stoned by hand to remove the burrs. The result- 
ing orifices were not quite identical, as interchanging them re- 


i 
quired rebalancing the bridge, but for the purpose in hand, relative — ful and with a little refinement could be made accurate and con- 
measurements were adequate. There was some unbalanced vis- venient. 
cous drop in the leads, as shown by a slight change in the balance ACKNOWLEDGMENT 
point with changing input pressure, but it was not serious. The The work reported here was supported by the Bureau of Ord-— 
“standard”? bridge arm was made with two pairs of orifices, '/;. nance, U.S. Navy, under Contract NOrd 9661 with the Division 
and ®/1¢ in. in peripheral width per side. These two pairs could — of Industrial Cooperation, Massachusetts Institute of Technol- 
be interchanged by rotating the spool 90 deg, with a resulting — ogy. a ‘ 
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RETURN 6 
. 
(1), (1) Upstream orifices (ratio arms) (5) Two-range vaniable-orifice assembly (standard) 
(6) 4/ao-in-wide port. (A second one is located ISO deg away behind 
(2) Device under test (unknown) piston.) 
(7), (7) 5/i-in-wide ports 
(3) Differential-pressure transducer (galvanometer) 7), (7) */1-in-wide ports 
(8) Piston: Shown in position to select wide ports, YO deg rotation — 
(4) “Pusher” assembly, positions piston of (5). A similar of piston shuts off wide ports and selects narrow ones with tenfold | 
pusher may be used on (2) if required increase in scale ¢, 
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change of seale by a factor of 10. The “galvanometer’’ was a 
Statham Laboratories’ differential pressure gage with a 1OO-psi 
range. This gage was fed with 400-cyele alternating current and 
its output was observed on an oscilloscope; this combination 
Although this bridge 


method was abandoned after the other method was developed 


proved to be dependable and handy. 


further, the rather hasty setup showed that the scheme was use- 
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‘ral Forces on Hydraulic Pistons 


By J. F. BLACKBURN,' CAMBRIDGE, MASS. 


Sticking or excessive friction of pistons or valves in their 
bores has always caused trouble to designers and users of 
hydraulic equipment. The phenomena involved are 
complex and incompletely understood. This paper shows 
that large lateral forces may be caused by hydrodynamic 
phenomena alone, without the complicating effects of 
dirt in the oil. It presents expressions describing the 
lateral force for certain cases of simple geometry, with 
experimental verification, and discusses other cases quali- 
tatively. Finally, it summarizes briefly present ideas con- 
cerning the frictional phenomena involved and lists several 
questions to which the answers must be obtained by fur- 
ther investigation. 
INTRODUCTION 


NE prolific source of trouble in hydraulic work, especially 
( with control valves, always has been the sticking of pistons 
or valve spools in their cylinders. Like most. other aspects 
of hydraulic control, very little has been published on this matter 
until recently, but both personal contacts and recent publica- 
tions have made evident that the matter is of wide interest and 
concern. This paper is intended to serve primarily to advertise 
the subject and to point out problems that seem to need solving; 
unfortunately, it is impossible at present to offer any easy solu- 
tions. 

Valve sticking or excessive friction, although usually greatly 
aggravated by the presence of dirt in the oil, frequently occurs in 
spite of all precautions to exclude dirt. It has long been known 
that the condition is worst with plain pistons and that it can be 
alleviated greatly by adding peripheral grooves around the piston 
lands. The standard explanation for the effect of the grooves is 
that they act to equalize the pressure distribution around the 
land. 
to develop a quantitative theory of the pressure distribution and 
the resulting lateral force for various land configurations. 

In the following paper such a theory,? based upon a suggestion 


Obviously, this is correct, but it is of interest to attempt 


1 Research Engineer, Dynamic Analysis and Control Laboratory, 
Massachusetts Institute of Technology. 

2 Similar suggestions undoubtediy have been made many times in 
the past. As examples, refer to the following: 

Discussion by F. H. Towler, Proceedings of The Institution of 
Mechanical Engineers, vol. 156, 1947, pp. 295-296 

Discussion by J. F. Aleock, Proceedings of The 
Mechanical Engineers, vol. 158, 1948, pp. 203-205. 

An unpublished memorandum by C. I. Grosser of Hughes Air 
eraft Company, Nov. 16, 1951. (The author is indebted to the 
Hughes Aireraft Company for him «a eopy of this 
memorandum, 

“Preliminary Investigation of Ilydraulic Lock,’ by D. C. Sweeney, 
Engineering, vol. 172, 1951, pp. 513-516 and 580-582. 

Aleock and Grosser both show diagrams similar to Fig. 6 of this 
article. Sweeney gives a brief outline of a derivation similar to 
that leading to Equation [5] of the present paper. 

Contributed by the Machine Design Division and presented at the 
Annual Meeting, New York, N. Y., November 30-December 5, 1952, 
of Toe AMERICAN Society Or MecnanicaL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, Au- 
gust 15, 1952. Paper No. 52—A-44. 
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by Dr. S.-Y. Lee,® will be outlined, and this theory will be sup- 
plemented by such experimental evidence as is available and by a 
qualitative discussion of the physics of the rubbing of the piston 
ivainst the evlinder wall. 


or LATERAL Force 


Throughout the following analysis, let it be assumed that the 
cylinder bore is perfectly straight and true but that the piston 
lund is not; clearly the opposite case, or any equivalent combina 
tion of the two cases, would lead to the same results. The 
effects of any ports opposite the lands will be neglected, but the 
extension of the theory to include these effects is straightforward 
even if somewhat involved, Inertial and gravitational effects 
also will be neglected; these assumptions certainly will hold for 
any hydraulic piston with reasonably close fits. Finally, let it 
be assumed that all of the flow is parallel to the axis and that the 
peripheral component of flow is negligibly small. This assump 
tion is fairly well justified for short. pistons with close clearances, 
but leads in other cases to excessive and, therefore, safe estimates 
of the lateral force. With these assumptions the flow becomes 
laminar and two-dimensional. In addition, the assumption will 
be made that fully developed laminar flow is present throughout 
the length of the flow path 


Fic. 1) Decenrerep Cytinpricat Prsron 

First consider the ease of a truly cylindrical piston in a true 
bore, with the axes of the piston and bore parallel but noncoin- 
cident. Consider the flows dq, and dq through two elements of 
the peripheral clearance space at the top and bottom of the piston, 
the piston being displaced upward asin Fig. 1. Mach element has 
a peripheral width dz = ad@ normal to the paper. 

Since for each elementary conduit the cross-sectional area 
y; dz or y, dz is constant over the length l of the piston land, the 
pressure gradient dp/dz = (P, — P2)/l = const for both conduits 
Thus the curve of pressure versus z is @ straight line between 

? Massachusetts Institute of Technology. 
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the points /, and P, at the ends of the piston for each of the two 


conduits. The downward force on the piston 


P 
df, pdzdz = = 
0 


The upward force df; is exactly the same; the df’s balance by pairs 
all around the piston and the net lateral force is zero for any 
case in which the surface of the piston is parallel with the adjacent 
wall of the eylinder. 

The net force is also zero for any configuration possessing axial 
symmetry, but this is not necessarily true for decentered pistons 


é- 


hig. 2) Decenterep ConicaL Piston 
where the axial symmetry is destroyed. Probably the simplest 
case of this type is that of a decentered conical piston, shown in 
Fig. 2. Here the cross-sectional area and therefore the pressure 
gradient are no longer constant over the length of the piston, and 
the foree per unit peripheral width dz must be found by a double 
integration. The details of the ealeulation will not be given, but 
the resulting formulas are as follows: 
For an elementary length dz of the conduit of width dz and 
height 
dp dq 


dr y3 


where p is the absolute viscosity and dqg/dz is the flow through 
a conduit of width dz. 

With integration and insertion of the boundary conditions: 
when 
p=P, 


r=0,y=C, and 


when 


zely=(C,+t, and p 


gives 
p, — + 
| 
+ 
where ¢is the radial taper of the piston. Thus the variation of 
pressure with y, and hence with z, is parabolic. 

The actual deviation of this parabolic pressure curve from 
the linear curve of a uniform conduit depends essentially upon the 
taper and upon the closeness of approach of the large end to the 


eylinder wall. For the upper duct in Fig. 2 the large end ap- 
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proaches closely, the pressure gradient near the large end is high, 
and the p-z curve drops rapidly from the P; point. For the 
lower duct the ratio of the y’s at the upstream and downstream 
ends is much nearer unity and the departure from linearity is 
much less, 

The radial force on an elementary area dz dz of the piston will be 
p dx dz. Integration gives the total radial foree on the ele- 
mentary strip of width dz as 


df = ar) 


dz 
(2C, + ¢) 

The total lateral force F on the piston is obtained by integrating 
df around the periphery, when account is taken of the fact that 
only the component of df parallel to the displacement 6 is of 
interest, since the normal components will cancel because of 
the symmetry of the configuration. Thus if dF is the component 
of df parallel to b 


C+t+beos8 
dF = —la @ Ap 20 + ,) cos 6, dé (5] 


where C' is the radial clearance at the large end with the piston 
centered. Integration with respect to @ from 0 to 27 gives the 
total side thrust on the piston. 


: ml at Ap 2C +1 
F= . = 
2h V(2C + — 4b? 


Since the second term in the parentheses is greater than 1, the 
force will be negative, i.e., away from the larger opening, and 
Thus the equilibrium of a 
centered tapered piston with the higher pressure applied to the 


is therefore a “decentering”’ force. 


larger end is unstable and the piston will be forced into contact 
with the wall. Conversely, if the higher pressure is applied to the 
smaller end, the piston will center itself in the bore. 

Calculations have been made for one land of a very small pilot 
which stuck The resulting curves for 
F versus b are plotted in Fig. 3. The values of the various quanti- 
ties involved are 


piston persistently. 


Axial length 1 = 0.094 in. 
Radius a = 0.063 in. 
Radial clearance at large end C = 0.0002 in. 
Pressure drop Ap = 1000 psi 
tadial taper ¢ = 0.00005 in. for curve (a) 
= 0.0001 in. for curve (b) 
= 0.0002 in. for curve (c) 
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From Fig. 3 it can be seen that the principal effects of varying 
the amount of taper are (1) the rate of increase of decentering 
force for small displacements from center decreases rapidly with 
decreasing taper, and (2) the force holding the piston against the 
wall (when b = 2 & 107‘ in. in the present case) changes com- 
paratively little. 

A curve of fairly universal applicability can be made by imagin- 
ing a fictitious uniform pressure P, which when applied to the 
laterally projected area 2/ a of the piston would produce the force 
(The subscript c indicates that F, is the force when the large 
end of the piston just contacts the cylinder wall.) Since P, is 
directly proportional to Ap, it is most useful to eliminate the lat- 


ter by forming the ratio R = P./Ap. Substitution of b = C and 
= t/C'in Equation [6] gives 
T 2+ 
4 Vir+ 7? ~ . 
A plot of R versus 7 is given in Fig. 4. — 
T 
| | | | 
« 
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(Diagram is used by courtesy of H. E. Weber.) 


It is seen that 2 increases very rapidly as 7 increases from zero 
to 0.2, goes through a flat maximum at about rT = 0.9, and there- 
after decreases slowly. With reasonably good valve design and 
workmanship t would ordinarily be much less than 1. 

A second case which can be handled analytically, although at 
the cost of considerable labor, is that of a stepped piston. Both 


force depends on the area and “darkness’ 
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eases have been checked experimentally 4 The analy tieal curves 

and experimental points are plotted in Fig. 5. 

It can be seen that the forces in the stepped and the tapered 
cases are comparable, but that the initial force rises much more 
steeply in the stepped case. The agreement between experiment 
and theory is good, especially for the tapered piston, The de- 
viations from the theoretical curves are due principally to two 
causes—the fact that an appreciable distance from the entrance is 
required to establish true laminar flow, and the fact that the 
theory neglects the small peripheral flow. The first cause tends 
to increase the force for low values of 8 (the normalized displace- 
ment, 6/C) and the second to decrease it for large values. Rigor- 
ous solutions of the three-dimensional flow equations possibly 
can be obtained, at least in cases as simple as those just discussed, 
but from a practical standpoint it is hardly worth the trouble. 
The machinist who makes a cylinder and piston is trying to make 
them both perfeetly cy lindrical and the effects discussed in this 
paper are caused by deviations from this ideal. These deviations 
would never approach sufficiently close to any geometrical form 
vielding tractable equations to make a more sophisticated analy- 
This being the case, it is sufficient to discuss a 
The results are 


ga t= 


sis worth while. 
few other cases from a qualitative standpoint. 
most easily presented graphically, as in Pig. 6. 
The cases shown in Fig. 6(a and 6) repeat those of Pigs. 1 and 2. 
Fig. 6(¢) represents a double-coned piston, which might be con- 
sidered a rough approximation of the barrel shape which some- 
times results from improper lapping technique. So long as the 
profile is symmetrical about the mid-plane there will be no net 
force, though there will be a moment normal to the piston axis 
that might be important in some cases. The results in the rather 
unlikely case of an hourglass-shaped piston would be similar ex- 
cept that the moment would be oppositely directed and F would 
be greatly affected by the ratio of the clearances at the two ends. 
If external forces can produce a combined cocking and decen- 
tering of the piston in the bore, a case similar to Fig. 6(d), will 
result. Here a large foree and moment are produced, This type 
of case, analyzed and also verified experimentally by Weber,® is 
important because unbalanced external moments are very com- 
mon; they may be caused, for example, by a bent push wire or a 
poorly designed or constructed linkage system, and if this moment 


is greater than the hydraulic restoring moment, a very large 


lateral force may result. An even more frequent source of 
trouble, especially with slender pistons, is a bent or sprung 
piston, which produces the same effect at the end lands, though 
the contact points are likely to be on the convex side of the 
center lands. 

Another important case is that of a piston with a local protu- 
berance such as the burr shown on the upstream corner of Fig. 
6(e). 
sure “shadow’’ downstream, and if this shadow is not balanced 
by an equivalent shadow on the opposite side of the piston, the 
The magnitude of the 
of the shadow, and is 


Such a protuberance, wherever located, casts a low-pres- 


protuberance is forced against the wall. 

greater the farther upstream the bump is located and the greater 
its peripheral width. 

I:ven if both piston and cylinder are geometrically true, a case 
similar to the last can be caused by dirt particles in the fluid. 
Particles too large to pass through the clearances lodge at the 
upstream end of the clearance, casting low-pressure shadows 
downstream and pulling the piston radially toward the side 
where they have lodged. The effect of dirt may be mitigated, 


4 “Lateral Forces on Hydraulic Pistons Caused by Axial Leakage 
Flow,”’ by H. EK. Weber, thesis for M.S. degree in Mechanical Engi- 


30-34. 
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however, by two fortunate circumstances: (1) The rate of lodg- 


ment or “silting’’ depends on the rate of leakage flow, with the re- 


sult that large particles are much more likely to lodge on the side 


of the piston with large clearance, where they tend to recenter it. 
(2) Since the dirt is not tightly attached to the piston, a compara- 
tively small movement of the latter often causes it to be washed 
away and the piston is In some British experi- 
ments,® it was found that, for the particular piston used, sludge or 


free again 


fine dirt, even up to several times the radial clearance in particle 
size, caused no permanent effect although the oil was black with 
it; large chips, however, and particularly burrs sheared from 
screw threads on careless making up of pipe joints, disabled the 
valve completely. 

The obvious methods of minimizing side tuorces are (1) to make 
both piston surface and bore as truly cylindrical as possible and 
(2) to provide some means of lightening the shadows. The latter 
is most easily accomplished by the old but useful scheme of pro- 
viding peripheral grooves, as shown in Fig. 6(f). The size and 
form of the grooves are unimportant so long as the flow resistance 
of a groove is smal! compared to that of the clearance space be- 
tween the piston and the bore; thus for ordinarily close fits, 
grooves only « few thousandths of an inch wide and deep would 
suffice. tis probably desirable that the walls of the groove meet 
the outer piston surface at right angles in order to decrease the 


probability of dirt particles becoming wedged between piston 


and cylinder 
Some experimental work has been done on the effect of the num- 
* Discussion by J. F. Alcock, Proceedings of The Institution of 
Mechanical Engineers, vol. 158, 1947, pp. 203. 205. 
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ber and location of the grooves.’ In general, it is preferable to 
have a single wide groove, leaving only a narrow fin at the up- 
stream and downstream edges of the land, but this is usually im- 
practicable since it results in excessive leakage and insufficient 
wearing area. If a single narrow groove is used, it should be 
placed as near as practicable to the upstream edge; additional 
grooves will help, but their effect is somewhat smaller than that 
of the first one 

Similar results were obtained by Dr. Sweeney of Birmingham 
University.* He found that adding a single groove at the center 
of the land decreased the locking force (the axial force necessary to 
free the piston after it had stood for a while with pressure applied 
to 40 per cent of that for an ungrooved piston; three equally 
spaced grooves reduced it to 6.3 per cent and seven to 2.7 per cent. 

There are other methods which may not be so universally ap- 
plicable as the grooves but are probably more effective when thes 
One such method is that employed in the pressur- 

As applied to a cylindrical piston, this procedure 


can be used 

ized bearing.* 
might involve providing thin transverse slots in the valve sleeve 
opposite the piston lands, each slot having a suitable flow resist 
anes and fed with high-pressure fluid from an outer manifold 


7“Blimination of Causes and Effects of Lateral Forces on Hydrau- 
lic Pistons,” by A. Goldburg, thesis for M.S. degree in Mechanical 
Engineering, Massachusetts Institute of Technology, January, 1951, 
pp. 43-49. 

* “Preliminary Investigation of Hydraulic Lock,” by D. C. Swee- 
ney, Engineering, vol. 172, 1951, pp. 513-516 and 580-582. (The 
author is indebted to Mr. H. G. Conway of British Messier Ltd. for 
sending photostats of this article and for discussions of the problem 
of hydraulic lock.) 

® Reference 4, pp. 40 47. 
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This scheme is very effective, but it is rather complicated and 
may be subject to trouble from clogging. 

A much simpler scheme takes advantage of the fact that a de- 
centering force becomes a centering force if the smal] end of the 
tapered or stepped piston land is placed toward the higher pres- 
sure. As shown already, the height of the step or the degree of 
taper involved is small, and in many cases the increase in leakage 
The method cannot be 
applied to lands across which the pressure drop may reverse, and 
it is not easily applicable to valving lands when a sharp cutoff of 
flow is required. If the piston is reasonably stiff, however, it is 
often satisfactory to use a taper or step on the outer lands only, 
depending on their centering action to keep the inner valving 
lands centered. 


entailed by this scheme is permissible. 


Friction BETWEEN PISTON AND CYLINDER 


The previous discussion has shown that deviations of either 
cylinder or piston from the ideal cyiindrical form may result in 
forces of considerable magnitude which tend to press the piston 
laterally into the wall of the cylinder. The remainder of this 
paper outlines briefly what happens after the piston begins to 
make contact with the wall. 

If the piston is somehow constrained to remain centered, it does 
not touch the cylinder and can be moved axially with a very 
small force. The friction is purely hydrodynamic and the fric- 
tional force is proportional to the viscosity of the fluid and to the 
piston velocity. This is the ideal case, and it sometimes can 
be approximated closely in practice. 

If the piston is not constrained to stay in the center but ap- 
proaches the wall, a succession of complicated phenomena take 
place. If there is no boundary layer on the metal! surfaces (which 
probably will never be the case), the piston moves sidewise until 
one of its high points makes contact with a high point of the 
cylinder. If true metal-to-metal contact is established, the axial 
force required to move the piston suddenly increases enormously 
and becomes independent of velocity but more or less propor- 
tional to the lateral force which holds the piston against the wall. 
This represents the case of dry or Coulomb friction. 

Almost all practical cases lie somewhere between the two ex- 
tremes just outlined. Seme kind of boundary layer is usually 
present, and the nature and magnitude of the friction depend 
upon the properties of this boundary layer, and also upon the na- 
ture of the surface finish of the metal parts and upon the mug- 
nitude of the lateral force. 

One grossly simplified picture of the boundary layer is that it 
consists of a single layer of molecules held fairly tightly to the 
metal surface by molecular forces. These molecules may be oxy- 
gen, in which case the layer may be very thin, or they may be 
lubricity additives such as oleic acid, in which case they will line 
up with their long axes normal to the metal surface, giving a 
boundary layer which has been compared to a field of wheat. In 
any case, if the boundary layer is only 1 molecule thick, it is very 
thin compared to the roughness of any attainable surface finish. 

It is highly unlikely, however, at least when liquids are used as 
working fluids, that the boundary layer is ever only 1 molecule 
thick. Even when a liquid surface is in contact only with its own 
saturated vapor, the surface molecules are highly oriented, 
forming a two-dimensional crystal. If it is in contact with a 
solid, so that this ‘“‘crystalline’”’ layer is not required to bend, it 
probably will be about as strong as any other crystal, and in ef- 
fect will make the solid 1 molecular layer thicker. The oriented 
monolayer also will have a field which orients the second layer of 
liquid molecules almost as perfectly, the second layer orients the 
third, and so on for a considerable distance into the liquid. 
The alignment of the molecules becomes more and more random 
with increasing distance from the surface until the medium no 
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longer supports a finite shearing stress; it is a true liquid. The 
rate of change from a quasi-solid to a true liquid depends greatly 
on the composition of the liquid and in many cases upon that of 
the bounding medium also. There is good evidence from several 
fields of investigation that in some cases," such as oil in contact 
with steel, the effective thickness of the boundary layer is several 
ten thousandths of an inch——large compared to the roughness of a 
reasonably smooth surface, and comparable to practicable di- 
mensional tolerances and clearances. 

If the foregoing concept of the structure of the boundary layer 
is accepted, the sequence of events as the piston approaches the 
eylinder will be somewhat as follows: Initially the separation is 
large, there is a layer of true liquid between the surfaces, friction 
As the liquid 
layer becomes thin, the rate of approach decreases rapidly be- 


is viscous, and the rate of approach is fairly high. 


cause it is harder to squeeze a liquid out of a thin crack than out 
of a wide one. The problem of the rate of approach has been 
discussed by Sweeney;" for perfectly smooth surfaces and no 
boundary layer the velocity of approach decreases to zero asymp- 
totically, so that ideally the surfaces never come into contact, 
Actually, however, as he points out, the rate of approach is 
greatly affected in its final stages by the character and magnitude 
He does not consider the boundary 
layer, but undoubtedly it also would have a large effect 


of the surface roughness. 


In the presence of a boundary layer of appreciable thickness, the 
friction begins changing from its large separation character as the 
higher spots on the two boundary layers begin to touch. The 
magnitude and character of the change depend upon the surface 
profile and especially upon the characteristics of the layers. 
Since the change in properties is presumably gradual from true 
liquid through a stiffer and stiffer jelly to a crystalline solid, the 
friction changes in a continuous manner from viscous to Coulomb 
friction, probably with a rapid increase in the apparent coefficient 
If the “effective’’ 
thickness (however it may be defined) of the boundary layer is 


of frietion as the surfaces near contact. 


large compared to the height of the surface roughness, the layer 
will be able to support a considerable load and the friction will be 
low, even though it may be much higher than for hydrodynamic 
lubrication. 

If the surface has small-area peaks that stick out through the 
boundary layer, however, even a small lateral force from any 
cause will be enough to rupture the layer over the peak and pro- 
The immediate effect of this con- 
tact is a sudden large increase in frictional force, but its ultimate 


duce metal-to-metal contact. 


consequences depend upon the lateral force and upon the natures 
of the metal surfaces and the fluid. 
probably that of similar surfaces of a soft tough metal that pres- 
sure-welds easily, and a low-viscosity chemically inactive fluid 

the surfaces weld and tear apart at the peaks, with a rapid galling 
If the 
material is brittle, the effect is plucking and spalling, but the re- 
On the other hand, if the fluid contains 
suitable reactive compounds, such as the conventional extra-pres- 


The most unfavorable case is 


and roughening until the piston becomes immovable 
sults are much the same. 


sure lubrieating-oil additives, the peaks are converted into low- 
melting halides, sulphides, and the like, which flow off into the 
adjacent valleys, leaving a fairly smooth topography over which 
the boundary layer can form an effective cushion. 

This paper must end with a set of questions to which the en- 
swers are not yet available. How good « surface finish is neces- 
sary, how is it to be obtained, and how specified and measured? 
What kind or kinds of materials are desirable for cylinder and pis- 


1° ’'The Depth of the Surface Zone of a Liquid,”’ by J.C. Henniker, 
Reviews of Modern Physica, vol. 21, 1949, pp. 322-341. This excel- 
lent article presents evidence from a great variety of sources and has 
an extensive bibliography. 

'! Reference 8, pp. 580-582 
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ton, and what kinds should be avoided? What should be the 
properties of the boundary layer, how should these properties be 
measured, and how may such a layer be formed and maintained 
in service? How strong should it be? How thick? How sharp 
should be the transition from boundary layer to low-viscosity 
fluid, and how can this be controlled? What are the effects, 
beneficial or otherwise, of other types of surface-conditioners 
such as b-P additives, colloidal graphite or molybdenum sulphide, 
and indium plating? How are all these questions to be answered 
if the working fluid is not based on petroleum, but on water or on 
one of the various families of synthetics? What about a gaseous 
What about excessively high or low temperatures? 
And finally, is it necessary to answer all of 
In many cases the answer to this last 


medium? 
What about dirt? 
these questions anyway? 
question is “‘No,.”’ As already suggested, it may be possible to 
design and to apply the device, whether it be a ram, a pump, a 
rotary motor, or a valve, in such a way that metal-to-metal 
contact is avoided and hydrodynamic lubrication is effective at 
This design procedure wall often be impossible, how- 
questions must be sought 


all times, 
ever, and therefore answers to the 
from workers in all pertinent fields, whether they be called hy- 
draulic designers, oil chemists, lubrication engineers, metallur- 
gists, or whatnot, 

CONCLUSION 


In conclusion, it has been shown that large lateral forces can be 
exerted on hydraulic pistons by unsymmetrical pressure distribu- 
tion in the working clearances, even for very smal] deviations 
from ideal dimensions. If these forces, or other lateral forces or 
moments arising from causes outside the piston-cylinder system 
itself, are large enough to cause rupture of the lubricating bound- 
ary layer, friction and damage result. A superficial 
picture of the physics of the boundary layer has been given, and a 
number of questions have been asked to which all concerned with 
this and related fields are requested to contribute answers. If 
this paper stimulates the finding and publication of a few of these 
answers, it will have served its purpose. er 
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Cutnn." paper is concerned specifically with prob- 
Pr arising in connection with the design of servomechanisms. 
It should be pointed out that this problem of lateral forces, hy- 
draulie lock, if you will, is present also in industrial hydraulic 
valves, where grinding of precise tapers on the valve spools to 
eliminate the unbalancing forces would be economically unfeasi- 
ble. 

About 4 years ago the writer was faced with the necessity of 
supplying solenoid-actuated balanced-spool valves for a 3000-psi 
application. After being subjected to this pressure for approxi- 
mately 1 min, these valves could not be actuated because of lock- 
ing of the spool against the valve body by lateral hydraulic forces. 
With the solenoids, end caps, and seals removed from the valves, 
leakage across the spool-end Jand in the form of an annular sheet 
of oil was observed at the instant pressure was applied. In a 
matter of seconds this annulus broke and gradually diminished 
toasmall segment. Disruption of the annulus was accompanied 
by hydraulic locking of the spool, to an extent that it was im- 
possible to hammer the spool] loose as long as pressure was ap- 
plied and only with difficulty after release of pressure, 

This condition was eliminated by the machining of circum- 
ferential grooves, 0.010 in. wide on '/j2-in. centers, in the entire 
width of the lands of the spool, whose diameter was ®/,in. —Pres- 
sures of 3000 psi were applied for 1 hr without resultant lock. 
inhibited hydraulic oil 

Spool clearance was 


The fluid used was a commercial-grade, 
having a viscosity of 250 SSU at 100 F. 
0.0005 in. Filtration of the oil was accomplished by industrial- 
type filters. 

The same type of grooves were machined in a 1'/s-in-diam spool, 
again with beneficial Experiments on the larger 
spool revealed a decrease in leakage with the grooved spool as 
and this was attributed to the 


results. 


compared with the ungrooved, 
ffect of the grooves, 
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The purpose of this paper is to report the results of a 


JOSEPH MARIN! anv L. 


series of special biaxial-stress tests made to check the 
validity of certain assumptions used in theory of plas- 
ticity. In these tests the stresses produced were tensile 
tubular specimen by 


The 


stresses produced were in the plastic range and the mate- 


biaxial stresses introduced in a 


applying an internal pressure and axial tension. 
rial tested was a hot-rolled aluminum alloy designated 
as 14S-T6. the validity of the dis- 


tortion-energy criterion, used in formulating the plastic 


A test to determine 


stress-strain relations by the flow theory, showed that the 
test results did not support this assumption. Special 
tests were made to determine whether plastic-deformation 
requirements as predicted by the slip theory were correct. 
In so far as these tests were concerned, the results sup- 
ported the slip theory. Finally, tests were made to check 
the assumption of constancy of volume and constancy 
of incremental change in volume as required by the de- 
formation and flow theories. These test results do not 
support the assumptions made in these theories relative 


to volume change. 


INTRODUCTION 


N recent vears many theories have been proposed for defining 
the plastic stress-strain relations in metals when subjected to 
stresses. In order to determine which theory 
actual behavior of metals, 


tions usually have consisted in comparing theoretical and experi- 


combined 


“es best with the many investiga- 


! Professor of Engineering Mechanics, Department of Engineer- 
ing Mechanics, The Pennsylvania State College. Mem. ASME. 

? Department of Engineering Mechanics, The Pennsylvania State 
College 

Contributed by the Metals Engineering Division and presented 
at the Annual Meeting, New York, N. Y., November 30-December 
5, 1952, of Tue AmerICAN Society oF MrcHanicaL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
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of the Manuscript reeeived at ASME Headquarters, 
August 8, 1952. Paper No. 52-——A-S0. 
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mental plastic stress-strain relations for various combined stress 
conditions. Another method of determining the validity of the 
plasticity theories is to conduct tests aimed at determining the 
accuracy of certain assumptions used in formulating the theories, 
The tests reported in this study were of this latter type. 

Test Procepure 

The material tested in this investigation was an aluminum alloy 
designated as 148-T6. The material was supplied in the form of 
hot-rolled cylinders, 7'/, in. long with 1°/s-in. OD and 
bore. The nominal composition, in addition to aluminum and 
normal impurities, consists of 4.4 per cent copper, O.8 per cent 
silicon, O.8 per cent manganese, and 0.4 per cent magnesium, 
Tensile-control test data, using specimens taken from the cylin- 
ders in the axial, lateral, and diagonal directions, were obtained by 
the Research Laboratories of the Aluminum Company of Amer- 
ica. These tests showed a variation of 8 per cent in tensile 
strength and 6 per cent in yield strength due to both anisotropy 
of the material and normal variations in the material. 

The specimens for the combined stress tests were thin-walled 
tubular specimens machined on the inside and outside and having 
the dimensions shown in Fig. 1. 
stresses is 


The testing machine used to apply biaxial tensile 


shown in Fig. 2. These stresses are introduced in the specimen 
by applying both an internal pressure and axial load. By vary- 
ing the relative magnitudes of these loads, various ratios of the 
applied. The axial load is applied 
vertical rod R, and hydraulie 
The magnitude of the axial load is 


biaxial tensile stresses can be 
to the specimen 8 by a lever L, 
jack J, as shown in Fig. 2. 
measured by the dynamometer D. The internal pressure is ap- 
plied to the specimen through @ valve V, and by a pump unit not 
shown. The pressure produced in the specimen is measured by 
the gage Gi. 

The strains for the elastic range were measured by SR-4 elee- 
tric strain gages for both the lateral directions. A 


clip-type gage, as deseribed in reference (1)? was used to measure 


axial and 


2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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plastic strains both in the axial and lateral directions. The 
strain readings were observed on an indicator I with the aid of a 
switch box B. 


Tests oN Vauiviry or CRITERION 


In the usual simplified form of the flow theory (2) it is assumed 
that the yielding surface is defined by the distortion-energy criter- 
ion as represented in Fig. 3 for biaxial stresses. To determine 
the validity of the yield surface, a test was conducted in which 
the load was first applied in the tangential direction to the point 


1, Fig. 3 1 inte essure loads were then applied 
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steps along the loading path represented by the points 1 to 20 
According to the distortion-energy criterion there should be no 
additional plastic deformation when the path of loading of the 
distortion-energy ellipse from points 1 to 20 is followed. 

Fig. 4 shows two sets of stress-strain relations for the selected 
loading path from points 0 to 1 to 20 back to point 0. The two 
sets of curves for the axial and tangential strains, and for stresses 
as shown in Fig. 4, show permanent strains of 2 X 10 and 0.80 
< 10-4 in. per in. in the tangential and axial directions after un- 
loading. Since these strains are much greater than would be pro- 

uced by experimental errors, the test shows that the distortion- 
nergy criterion is not valid. 

The variation in the tangential and axial strains for the loading 
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Fig. 5 shows that there is ap- 
as a result of the loading path 
used and that the distortion-energy criterion is not valid. 
Another method of showing that the distortion-energy criter- 
ion is not valid is to plot the relation between the effective strain 
V 4/3 + + €2) where €, = axial strain, 
tangential strain) and the stress ratio. 
tion and proves that there is a very large increase in the effective 
strains which cannot be attributed to either effects of creep or to 
experimental errors. 


the axial to the tangential stresses. 
preciable plastic flow produced 


and €, = 
Fig. 6 shows this rela- 


a medium-carbon steel 
The re- 
sults of these tests support the conclusion reached in the present 
investigation. It should be noted that although the distortion- 
energy criterion may not be adequate for formulating plastic 
stress-strain relations under combined stresses for variable stress 


using 
and biaxial tensile stresses, were reported by Shaw (3). 


Tests similar to the foregoing, 


ratios, it appears to define approximately the yield strengths of 
ductile metals under combined biaxial stresses for constant stress 
ratios. 

Tests TO DistincuisH AND FLow THEORIES OF 
PLASTICITY 


To determine which theory of plasticity, the slip (4) or flow (2) 
agrees better with test results, special variable-stress-ratio tests 
were conducted. 
as shown in Fig 


In one of these tests the path of loading used, 
7, was to load at a constant stress ratio of 1 


as as 
STRESS RATIO 4 STRESS RATIO Ge 


Fia. 5 


VARIATION OF PLASTIC-STRAIN COMPONENTS FOK DisTorR- 
TION-ENERGY CRITERION TEST; SPECIMEN 6-36 


from Po to P2, followed by loading from /’, to Ps. In Fig. 7 the 
dotted curve, to which 77216 and P,P, are tangent, represents the 
limiting curve for strength as defined by the proportional-limit 
values, According to the slip theory (5) loading beyond P,, but 
within the area Py?) P3222 does not produce plastie flow. How- 
ever, loading from Ps to Ps or P; to Py does produce phestic strains 
according to the slip theory. For the loading path Pol’2l’sP’s6Po> 
the nominal stresses and strains in the 
tangential and axial directions are shown in Fig. 8. Fig. 9 gives 
the relation between the plastic axial or tangential strain and the 


relations between, the 


The results shown in 
Fig. 9 support the slip theory since for loading from P; to Ps 
plastic strains are produced. 

Another test was conducted for loading along the path PoP; 
P.P;P <P> in Fig. 7. For this test the 
lations for both the axial and tangential strains are shown in Fig 


nominal axial stress for the foregoing test. 


nominal stress-strain re- 


IN THEORIES OF 


path used is also indicated in Fig. 5 as a function of the ratios of 
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10. In Fig. 11 the variation in the plastic axial and tangential 
strains with tangential stress is given. The results of this test 
also support the slip theory since by this theory plastic strains 
are not produced in loading from 7’, to P 
loading from 7’; to Py. The results shown in Fig 
these slip-theory requirements. 


, but are produced in 
LL support 


Both the foregoing tests give results in contradiction to the 
yield assumption of the flow theory since by the flow theory 
loading along P:P3P, or P2PsPs, should not produce any plastic 
flow. This is true since the loading path used is within the 
limiting yielding surface. 


Tests ro DerTeRMINE VoLUME REMAINS CONSTANT IN 


Puastic RANGE 


There is some question whether the assumption in theories of 
plasticity that the volume remains constant in these plastie 
The authors felt that further cheeks on this 
assumption seemed desirable. For this renson 
ducted whereby for various stages of loading, the radial, tangen- 
tial, measured, By 
the accuracy of the constaney-of-volume assumption could be 
checked. Figs. 12, 13, and 14 show the values of the radial, 
gential, and axial plastic strains, respectively, for different stages 
gage length, 
The station points referred to in the figures correspond to points 


ranges is correct. 
au test Was con- 


and axial strains were these measurements 


tan- 
of loading and for various locations along a 2-in. 


equally spaced between the ends of a 2-in. gage length. For each 
stage of loading represented by each of the curves in Figs. 12, 13, 
and 14, the strains were found by unioading the specimens and by 


measuring the changes in the axial direction, changes in external 
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and in wall thickness 
the radial, 


diameter, 
the axial, 
termined. 


Then the three plastic strains in 
and the tangential directions could be de- 


From the results given in Figs, 12, 13, and 14, the curves shown 
Fig. The Fig. 15 
shows the variation in the sum of the three strains (or total vol- 


15 could be determined. solid curve in 


ume change) with axial plastic strain. In the deformation theory 
it is assumed that there is no change in volume or that the sum of 
the three strains is zero, The results given in Fig. 15 show that 
this assumption is not valid, 

The dotted curve in Fig 


15 shows the variation between the 


incremental change in volume with increase in strain or loading 
The test results indicate 
volume that cannot he 


that there 
accounted for by experimental errors 


is an incremental change in 
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In the flow-type theory of plasticity, it is assumed that there is no 
incremental change in volume. These test results refute this as 
sumption, 
CONCLUSION 

Based on the special biaxial tensile-stress tests on 148-T6 
aluminum alloy made in this study, it was found that: 

1 The distortion-energy criterion for defining plastic stress- 
strain relations is not valid. 


o« os 
AXIAL PLASTIC STRAIN 


Srrain Som VARIATION FOR TESTS 
Specimen 6-44 


2 Certain predictions based on the slip theory are supported 
when stresses are applied outside the proportional-limit surface. 

3 Neither the total nor incremental change in volume remains 
constant as required, respectively, by the deformation and flow 
theories, 
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Ulrich 


Discussi 

S. B. Barporr.t The best-known theories of plasticity of both 
flow and deformation type relating to initially isotropic metals 
are based on the assumption of isotropic strain hardening 
Since the discovery of the Bauschinger effect, it has been realized 
generally that strain hardening cannot be isotropic. However, 
deformation theories of necessity assume isotropic strain harden- 
ing, and, while flow theories are free of this necessity, the con- 
siderations upon which they are based unfortunately afford no 
clue as to the nature of the anisotropy involved. Unfortunatel) 
also, few experimental data of a biaxial nature have been availa- 
ble to shed light on this anisotropy, particularly in the region of 
the yield stress which is of interest to structural engineers. It 
is therefore gratifying to see the results of the variable-stress- 
ratio data of the authors, especially since these data are in quali- 
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tative aecord with the predictions of the slip theory of plasticity, 
an anisotropic strain-hardening theory of comparatively recent 
origin. 

The last part of the paper deals with the assumption common to 
practically all theories of plasticity, that plastic strain does not 
involve a change of volume, and finds this assumption to be false. 
In particular, the paper reports that a 2 per cent tensile strain led 
to. permanent increase in volume of 1 percent. An effeet of such 
magnitude as this certainly should not be negleeted in theories of 
plasticity. there is doubt whether the 
effect is real, since it generally has been accepted that experi- 


However, reasonable 
ments show the plastic volume change to be very small, and be- 
eause the authors found a very large variation of strain with 
position on the test cylinder, which would tend to make reliable 
volume-change measurements difficult. It is suggested that a 
simple way to check the reported result to a high degree of pre- 
cision would be to make « density determination of the specimen 
(which could be a simple tensile coupon rather than a cylinder) 
before and after stretching by weighing both in air and water. 
Only if such an experiment as this verifies the large volume 
change found in the cylinder tests, will it appear justifiable to 
modify plasticity theories to take into account plastic compressi- 
bility. 


H. ‘T. Corren.’ In the second section of the paper the authors 
present experimental data which adds to the existing knowledge 
of the inelastic behavior of metals in the range of small inelastic 
strains. The results, as the authors conclude, support qualita- 
tively the predictions of the slip theory of plasticity and disprove 
the existence of an isotropic strain-hardening function based on 
an extension of the energy of distortion-yield criteria in the 
tension-tension quadrant studied in these experiments when the 
ratio of principal stresses is varied. However, other data%’ 
indicate that the isotropic theory based on the energy of distor- 
tion is in better agreement with experimental data than the slip 
theory when combinations of tension and torsion loads are ap- 
plied. Thus additional data are required to establish a more 
adequate law of plasticity. The present data plus additional 
data obtained by following other similar loading paths will pro- 
vide at least part of this information. 

The writer does not find the interpretation of the data con- 
cerning the energy of distortion-vield criterion, presented in the 
first section of the paper, to be convincing. However, the authors’ 
conclusion that this theory is not valid appears to be correct. 
Although the thin-wall tube is «an ideal specimen in many re- 
spects, the effect of the nonhomogeneous state of stress, caused 
by the small radial pressure at the inside surface, should be 
recognized and accounted for 

It. is true that on the outside surface where the strain measure- 
ments were made, the state of stress is biaxial (third principal 
stress is zero). However, what effect did the inelastic deforma- 
tion occurring at the inside surface have upon the strains meas- 
ured at the outside? This question becomes significant particu- 
larly in view of the experimental results of Steele and Young* 
on thick-walled cylinders of mild steel. Their work revealed 
that the inelastic strains measured at the outside surface were in- 
fluenced greatly by the inelastic strains at the inside surface. 

University of Iinois, Urbana, IIl.. 

®*“The Plastic Distortion of Metals,” by G. 1. Taylor and H. 
Quinney, Philosophical Transactions, of the Royal Society of Lon- 
don, England, series A, vol. 230, 1931, pp. 323-362. 

7 Plastic Stress-Strain Relations for Combined Tension and Com- 
pression,” by J. Marin and Hf. A. B. Wiseman, NACA Technical 
Note, no. 2737, July, 1952 

Experimental Investigation of Over-Straining in Mild- 
Steel Thick-Walled Cylinders by Internal Fluid Pressure,’’ by M. C 
Steele and J. Young, Trans. ASME, vol. 74, 1952, pp. 355-363. 
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It is true that the aluminum alloys deform much less hetero- 
geneously than mild steel under normal conditions; however, 
this is just a matter of degree of heterogeneity.® 

An interpretation of the results which appear to clarify this 
point may be made by analyzing the state of stress at the inside 
surface of the eylinder, The energy-of-distortion criteria for 


bio. 16) or Stress vv INsipe 


SuRPACKE OF CYLINDER 


yielding in a three-dimensional state of stress, shown in Fig. 
16 of this discussion, are given by 


2 4 o,)? = 20," {1] 


where o, and o, are the principal stresses in the axial and tan- 
gential directions, and ¢, is the principal stress in the radial diree- 
tion and equal to — p, the internal pressure. If the very slight 
variation of a, through the thickness of the wall is neglected, 
a, and o, correspond to the stresses in the paper. 
thin-walled-cylinder theory, ¢, = p = 
thickness is 0.05 in. 

Equation [1] becomes 


Using the 
0.10, when the wall 
Upon substitution and simplification, 


2 
a 
a a t 
+ {2} 
To do do do 


which now is in a form that allows comparison with the authors’ 
data. 

Equation [2] and two curves corresponding to a 5.3 per cent 
and 10 per cent increase of the stress ratios 0,/a@o and @,/do are 
plotted as curves a, b, and c, respectively in Fig. 17 of this dis- 
cussion, along with the loading path followed in the authors’ 
It should be noted that at point 1, the 
condition of limiting elastic action has been exceeded at the in- 


test (Fig. 3 of the paper). 


side surface (see Fig. 4 of the paper).'° By following the authors’ 
loading path, the energy of distortion at the inside surface of the 
cylinder is increased until point 6 is reached. From point 6 to 
point 10, the energy of distortion remains approximately con 
stant at both the inside and outside surfaces. According to the 
energy-of-distortion theory, inelastic deformation would be ex 
pected at the inside surface along the loading path from points 
1 to 6, but only elastic action should occur from point 6 to point 
10. This is in substantial agreement with the experimental 
results in Figs. 5 and 6 of the paper. The actual inelastic strains 
probably would agree more closely with an analysis based on 
some intermediate curve, as suggested by Osgood.'" However, 
terms of the crystals which make up both polycrystalline 
metals, inelastic deformation occurs very heterogeneously by the 
formation of slip bands; however heterogeneous inelastic deforma- 
tion on a macroscopic scale in the form of Laders bands in' mild steel 
does not occur in aluminum alloys under ordinary conditions 

This also could result from anisotropic properties of the ma- 
terial (lower strength in the tangential direction). 

1t“Combined-Stress Tests on 248-T Alurminum-Alloy Tubes,”” by 
W. R. Osgood, Journal of Applied Mechanics, Trans. ASM", vol. 69 
1947, p. A-147 
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Vector Representing Octahedra: 
Shear Stress at 
Outside Surface 
tor - - Inside Surface 
------Locus of Components 
of Octahedral Shear 
the assumptions made in the theories of plasticity, it would be 
desirable to minimize the influence of the nonhomogeneous state 
—of stress caused by internal pressure by measuring strain at both — Variation of 
the outside and inside surfaces of the cylinder. From such data Yield Strength 
the influence of inelastic deformation at the inside surface on the 
strains measured at the outside surface could be evaluated, and 
the average behavior could be determined. 
It is of interest to follow the authors’ loading path from point 
10 to point 20 in Fig. 17 of this discussion, in terms of the energy 
of distortion at both the inside and outside surface. At the out- 
side surface the energy of distortion remains constant although 
it continually decreases at the inside surface. Thus only elastic 
deformation is predicted by the energy-of-distortion theory. 
However, in Figs. 5 and 6 of the paper the plastic strain (axial 
in Fig. 5) increases in passing from point 10 to point 15 and finally 
to point 20. Thus in this region the experimental results are 
not in accord with the energy-of-distortion theory. 


Strain 


The experimental results (Figs. 5 and 6 of the paper), upon 
following the loading path from point 10 to point 20, appear to 
agree qualitatively with the slip theory. This is illustrated P16. 19 Ipeatizep Untaxtan Srress-Srrain Diagram To 
TRATE Possipte Larce Variation or Piastic Strain ResuitTine 


Fig. 18 of this discussion where the octahedral shear-stress J 
FRoM SMALL VARIATION OF YIELD STRENGTH 


vectors for the inside and outside surfaces are plotted.'? The 


presenting the octahedr: “ar stress inside sur- ‘ 
vector representing the octahedral shear stress at the inside sur One type of possible error in the interpretation of results is con- 


cerned with the variation of strain at a given stress resulting 
from a variation in the yield strength. If the uniaxial stress- 
strain curve can be represented approximately by two straight 
lines, as shown in Fig. 19 of this discussion, an estimate of the 
magnitude of this error may be made. For the purpose of 
computation, E is taken as 10 X 10 psi, and the secondary slope 
(see Fig. 19 of this discussion) as 0.1 FE. The authors state that 
the variation of yield strength is 6 per cent or +3 per cent, and 
the average yield strength (taken from Fig. 4 of the paper) is 
approyimately 57,000 psi. From these data the average and 
maximum strain (€avg and €max in Fig. 19 of this discussion) 
can be computed, and the difference between the average strain 
and maximum strain is found to be 1.54 & 10% in/in. This is 
nearly as large as the plastic strains in Fig. 5 of the paper. 

The possible effects of creep on the interpretation of results are 
more difficult to evaluate because of lack of data. Small amounts 


- face increases in length from points 1 to 6, remains approximately 
constant in length from points 6 to 10, and gradually decreases 
in length from points 10 to 20. In terms of the slip theory, in- 
elastic deformation will continue to occur as long as the shearing 
stress or any component thereof exceeds the yield stress and in- 
creases on any heretofore unhardened plane or direction. This 
is obviously the case at the inside surface of the cylinder for the 
loading path from point 10 to point 20 in Fig. 18 of this discussion 
(due to the rotation of the vector), even though the octahedral 
shear stress decreases gradually. 

In discussing the large plastic strains shown in Figs. 5 and 6 of 
the paper, the authors state that these strains cannot be at- 
tributed to either effects of creep or to experimental error. It 
would be of interest to know how this fact was established. 


1 A constant octahedral shear stress corresponds to a constant 
energy of distortion, and, in this case has the advantage of showing a 
change of direction as the ratio of principal stresses varies. of creep have been observed by previous investigators, such as 
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Osgood,'! but no particular attention was paid to these effects. 
Some data on the effect of creep in beams and thick-walled eyl- 
inders has been published, including the work of Steele and 
Young and others.'* For both of these members, where 
homogeneous state of stress existed, the effects of creep were 


none- 
very large. In one rectangular-cross-section mild-steel beam, 
the deformation due to creep (deflection and strain) was 7 times 
the maximum elastic deformation at a constant bending moment 
33 per cent larger than the maximum elastic moment. One 
beam test of an aluminum alloy 248-T4 has been made by M. FE. 
Clark, O. M. Sidebottom, and the writer, but the results have not 
been published yet. Some of these results, concerned with creep 
of the inelastieally strained beam, are shown in Fig. 20, herewith. 
The maximum creep observed was approximately 20 per cent of 
the maximum elastic deformation; however, it should be 
served that as the depth of yielding was increased and more of 
the beam was inelastically strained,'* the amount of creep also 


ob- 


increased, 
such 


This suggests that in a more homogeneous state of 
the amount of 
creep accompanying inelastic deformation may be much larger. 


stress, 4s exists in a thin-walled eylinder, 

Thus it appears necessary to investigate this problem further 
to determine the relative importance of creep for various metals, 
M. E. Clark, O. M. Sidebottom, and the writer have found from 
beam tests'® that those 
inelastic strains are more stable than mild steel, and it may be 
that for some of these strain-hardening materi: ls the creep will 


materials which strain-harden at small 


be smal! enough to be negligible. es 


AutTuors’ CLOSURE 


The authors wish to express their appreciation to the contribu- 
tors for their interesting discussion, which has added much to a 
better understanding of the subject. 

Dr. Batdorf pointed out the importance of the assumption of 
plastic incompressibility, which has not been confirmed, however, 
by the available test results such as those reported by Taylor and 
Quinney (1)," Bridgman (2), 
and Coffin (4). It was one of the main purposes in this investiga- 
tion to study the order of magnitude of volume change during 
As questioned by Dr. Batdorf, authors felt 


Thomsen and his associates (3), 


plastic deformation. 


That 
and 


Under Dead Loads 
Corten, M. E. Clark, 
4, 1952, pp. 349-354. 
at the outside fiber of the 


“Peculiar Behavior of Steel Beams 
Produce Inelastic Strains,” by H. T. 
O. M. Sidebottom, Trans. ASME, vol. 7 

The amount of inelastic deformation 
beam also was larger. 

16 Numbers in parentheses refer to the Bibliography at the end of 
the closure. 


the same about the obtained percentage of volume change in small 
strain range, by considering the technique employed. However, in 
it appears reasonable to assume that the results 


Indeed, it will be more suitable to 


large strain range, 
obtained are probably reliable. 
variation of 


determine the volume change by measuring the 


density as suggested. Asa matter of fact, this approach has been 
employed by some investigators, such as Thomsen and his as- 
sociates (3). Their results indicated a one per cent density change 
in both tension and compression tests of Aleoa 618-T in large 
strain range, 

As deseribed by Professor Corten, the stress state in the thin- 
walled cylinders under radial pressure and axial load is pretty 


complicated, Defining as 


o,)*|, 


o,)? (a, 


the effective stress at any point throughout the wall thickness 
becomes 
21 —k)o,o, + (1 + k + k*)o? 


or 


—— 


6 | 
= 5,2 + (1 +k + 


where &,) is the value of the effective stress at the outer fiber, k is 
the ratio of —«a,/a,, Then 
R can be considered as a parameter to indicate the variation of 
stress state at any point having o, = Following the load- 
the variations of ratio R at both inner 
and outer fibers of the specimen tested a 
The authors 
occurrence of loading at the inner fiber while the neutral loading 
oceurs at the outer fiber. Therefore it is obvious that a more 
walled cylinders should be considered for 


2(1 


and and 0, are stress components, 


ing path shown in Fig. 3, 
re shown in Fig. 21. 
Professor Corten’s comments on the 


agree with 


accurate theory of thin 
better interpretation of test data. 

As far as the variation of mechanical properties of tested ma- 
terial is concerned, the authors were of it and tried to 
interpret the behavior of each specimen by using its own stress- 
strain relationship obtained during test. 

Certainly, the creep strain may be developed, but for aluminum 
alloys stressed up to the vicinity of yield ar the creep strain 
Besides, each test in this 


aware 


at room temperature is very small (5). 
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investigation took only about 30 minutes or so. Therefore it is by P. W. Bridgman, Journal of Applied Physics, vol. 20, 1949, pp 
1241-1251. 

3 “Investigation of the Validity of an Ideal Theory of Elastic- 
Plasticity for Wrought Aluminum Alloys,”” by E. G. Thomsen, I. 
Cornet, I. Lotze, and J. E. Dorn, NACA, TN 1552, 1948 


considered reasonable to neglect the creep strain probably pro- 
duced in our tests. 
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Experimental heat-transfer results for molten lead- 
bismuth eutectic are presented for turbulent flow in a 
5/yin. 18-gage mild-steel tube with constant heat flux. 
Validity of the measurement technique is established in- 
directly by identical tests with water which agree with the 
predicted heat-transfer performance for that fluid. Re- 
sults for lead bismuth are correlated for the Peclet modulus 
range of 200 to 5000 over a Prandtl modulus range of 
0.020 to 0.046 and Reynolds-number range of 7500 to 170,000. 
The resulting Nusselt moduli are 25 to 35 per cent lower 
than the prediction of Lyon-Martinelli momentum theory 
for turbulent flow. Local heat-transfer coefficients at 
the start of the heated section reveal that the thermal 
entrance length is approximately 30 pipe diameters. 


NOMENCLATURE 


The following nomenclature is used in the paper: 


= heat-transfer area, [t* 
= thermal diffusivity of fluid, {t?/see. oo 
= specific heat of fluid, Btu/Ib deg F — 
inside diameter of test section, ft >. 48) 
average heat-transfer coefficient, Btu/hr deg F 
local heat-transfer coefficient, Btu/hr ft? deg F 
thermal conductivity of fluid, Btu/hr ft? deg F/ft 
thermal conductivity of aluminum jacket, Btu/hr ft? 
deg F/ft 
- thermal conductivity of steel tabe wall, Btu/hr ft? deg 
F /ft 
heat-transfer length of exchanger, ft 
= net electrical input, Btu /hr 
heat gain indicated by flow rate and temperature rise 
of fluid, Btu/hr 
over-all 
F/Btu 
= fixed resistance of composite aluminum-steel wall, hr 
ft? deg F/Btu 
= radius to outer steel-pipe wall surface, ft 
radius to thermocouple position in aluminum jacket, ft 
fluid temperature at test section inlet, deg F 
fluid temperature at test section exit, deg F 
local mixed mean fluid temperature, deg F 
= mean fluid temperature in test section (4; + t)/2, deg F 
= aluminum jacket temperature at r, deg F 
temperature at inner wall of steel pipe, deg F _ 
mean bulk velocity, ft/sec 
1 Professor, University of California. Mem. ASME. 
2 Institute of Engineering Research, University of California. 
‘Institute of Engineering Research, University of California. 
Jun. ASME. 
Contributed by the Heat Transfer Division of Tue American 
Society or MecHanicaL ENGINEERS and presented at the Heat 
Transfer and Fluid Mechanics Institute, Los Angeles, Calif., June 19, 
1952 
Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. Manuscript received at ASME Headquarters, 
August 1, 1952. 


thermal resistance to heat flow, hr ft? deg 


= radius to inner steel-pipe wall surface, ft 


~ Heat Transfer to Molten Lead-Bismuth 


Eutectic in Turbulent Pipe Flow 


q 


JOHNSON,? J. P. HARTNETT,? ano W. J. CLABAUGH,* BERKELEY, CALIF 


le 
W = weight rate of flow, lb/hr 
zr = distance along test section, ft 
uw = viscosity, lb/hr ft 
v = kinematic viscosity, ft*/hr 
= weight density, Ib/ft* 
Nusselt number, ADD/k 
teynolds number, uD/v 
Peclet number, Re Pr, uD/a 
Prandtl number, cy 


INTRODUCTION 


Liquid metals as heat-transfer fluids are of particular interest 
where heat-flux rates and operating temperatures are high. Eex- 
perience indicates that reliable circulation systems can be devel- 
oped although there are problems of pumping, corrosion, con- 
tamination, and safety. The purpose of this paper, however, is 
limited to an evaluation of experimental results obtained for 
turbulent flow of molten lead-bismuth eutectic in a pipe and to a 
comparison of such results with other available liquid-metal 
heat-transfer data, 

Compared with the common fluids, such as air, water, and oil, 
the thermal-conductivity values of liquid metals are large and the 
corresponding Prandtl (less 
than OL). The usual experimental turbulent-flow correlation 
equations, such as MeAdams Equation 4e (12), fail to predict 
adequately heat-transfer performance of these fluids; however 
the analogy approach offers some promise. The von Karman 
heat transfer-momentum analogy was extended to this low 
Prandt!-number range by Martinelli (11) who considered the con 
In the 
usual high Prandtlnumber range, Martinelli’s analysis retained 


moduli are characteristically low 


tribution of molecular conduction im the turbulent core. 


agreement with experiment and with the previous analogies, 
but is somewhat higher than the von Karman analogy at low 
Prandtl moduli. Lyon (9) refined Martinelli’s analysis and he 
found that the results are well represented by the equation 


Nu = 7.0 + 0.025 (Pe)-* (Pr < 0.1) 


Some available experimental results with sodium, sodium- 
potassium alloys, and mercury, support the Lyon-Martinelli 
equation but most mercury data and all available lead-bismuth 
data are substantially lower. These differences are not yet ex 
plained but may be due in part to the use of “figure-of-eight” 
flow circuits or other such indirect techniques. For this reason 
an aluminum-jacketed single-pipe heat exchanger, which allows « 
direct evaluation of the heat-transfer performance, was devel 
oped for this investigation, 


APPARATUS 


Fig. | shows the test section, a mild-steel tube (0.750 in. OD, 
0.652 in. ID) with a 0.25-in-thick aluminum jacket attached to 
the tube by the ‘“Alumibond”’ casting process. Axial heat flow 
is minimized by circumferential grooves subdividing the jacket 
into eight sections, each 6 in. in length. The high conductivity 
of the aluminum provides a region of moderate radial tempera- 


4 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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— ture gradient in which thermocouples can be located with suffi- Four test section heaters of 19-gage insulated nichrome wire 
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cient precision to assure an acceptable tube-wall temperature are wound uniformly over the aluminum jacket. A 5-kw gen- 
measurement, By locating a thermocouple in each section, erator used for the power source insures voltage stability. The 


eight separate local determinations of the heat-transfer coefficient — electrical input to the heaters is determined from wattmeter read- 
are made, Each iron-constantan thermocouple is spot-welded — ings corrected for line losses, and the external losses are meas- 
to one end of a 1'/.-in-long, '/sin-deep, #/y-in-wide axial slot ured with four thermopile heat meters embedded in the external 
in the jacket, cemented in with Ames Technical B copper-oxide — insulation. 
cement and capped with an aluminum bar as shown in Fig. 1. Fig. 2 reveals the flow system. All elements of the system, 
Fluid temperatures are measured by single-junction iron-con- except for two type 347 stainless-steel bellows valves, are con- 
stantan thermocouples in steel wells as shown. structed of mild steel and all joints are either welded or assembled 
with steel ring-joint flanges. System parts were assembled im- 
: t¢6 2— mediately after cleaning internal surfaces by pickling in acid, 
‘se neutralizing, washing with water and isopropyl aleohol. A 
mz. : helium atmosphere of 5 psi is maintained continually in the as- 
Seamer = | sembled system. If for any reason the internal system is ex- 
METAL OUT 7 


posed to air, it is evacuated to a pressure of 200 microns of mer- 
cury, then purged and pressurized with helium. 


PRE-HEATER WIRE— The flow rates are determined by an assembly consisting of an 
MIXING = ; orifice meter, seal pots with float-level indicators, and a mercury 
CHAMBER manometer. The orifice meter is a single-piece ring-joint gasket 
r and orifice plate made as nearly as possible to ASME flange-tap 
metering specifications. The orifice meters used were calibrated 
z 
with water, 
CROSS SECTION « The circulating pump is 4 7'/s-in. semiclosed impeller coupled 
md -— by a vertical overhung shaft to a 2-hp 1200-rpm motor enclosed 
in the system. 
Ss . . . 
| For control of the operating temperature level, water is circu- 
2 | a -~] ALUMINUM JACKET = | lated through copper tubing silver-brazed to the steel pipe of the 
ALUMIBONDED TO TUBE r lead-bismuth flow loop. 
PRE-HEATER WIRE J ’ Suitable electric heaters are used to preheat the system and 
. to melt the lead bismuth (MP 257 F) before operation. 


Heat-TRANSFER Test SEQUENCE 


TC = Five series of heat-transfer tests were made on a single 


- HEATER me I8-gage mild-steel-tube heat exchanger. The sequence is as 
COLD follows: 
LIQUID 1 Initial series of water tests — before lead bismuth, clean 
METAL IN tube. 
OD 18GA. 2 Initial series of lead-bismuth tests -153 hr of operation 
ST'L. TUBE without cleaning. 
a 3 Second series of water tests -after 153 hr of lead-bismuth 
SECTION A-A 1— operation, 


ban Fic. Heat-Excnancer Test-Seerion Derart (a) Before cleaning of exchanger surface. 
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(b) After cleaning of exchanger surface. 

4 Second series of lead-bismuth tests—clean tube—277 hr of 
operation without cleaning (total system operating time of 430 
hr). 

5 Final series of water tests 
operation, without cleaning of exchanger surface. 


after 277 hr of lead-bismuth 


RANGE OF VARIABLES FOR LEAD-BISMUTH TESTS 


Flow rate, lb/hr 1500 
Heat-transfer coefficient, Btu ft® hr deg | 700 
Mean fluid temperature, deg | 325 
Fluid temperature rise, deg F 10 
Wall to fluid temperature difference, deg F 2 
Net electrical heat flux, Btu ft® hr 

Reynolds modulus 7500 
Prandtl] modulus 0 020 
Peclet modulus 200 
Nusselt modulus 6 


32000 


1700 


OPERATION PROCEDURE 


Operation of the system involved preheating to 300 F, transfer 
of the molten metal from the melt tank to the system proper, 
initiation of circulation followed by main heater power and cool- 
ant circulation. When the desired operating temperature level 
was approached, the preheater circuits were de-energized. When 
steady state was attained, as indicated by the system recording 
instruments, the data were taken. Operating periods ranged 
from 6 to 100 hr. After operation, the metal was returned to 
the melt tank by increasing the helium system pressure and 
venting the top of the melt tank. 


ANALYsIS OF Data 


The heat-transfer coefficients for both water and lead bismuth 
were evaluated from measured heat-transfer rates, the aluminum 
jacket and fluid temperatures, and the calculated thermal re- 
sistance of wall. The 
transfer rate was determined from measured electrical input cor- 
Caleulation of the coefficients was made in 


the composite aluminum-steel heat- 


rected for the losses. 
the following manner: 


Definition of the heat-transfer coefficient is 


or, expressed in terms of the measured aluminum-jacket thermo- 


couple temperature, f, 


- 2.36 K 


where R,, the calculated fixed thermal resistance of the composite 
aluminum-steel wall, is 
i Kat 

Since the rate of heat input is constant with respect to the tube 
length, the fluid temperature must increase linearly with length, 
Fig. 3. This permits interpolation of local fluid temperatures so 
that a mean heat-transfer coefficient h can be calculated based 
on an arithmetic average of the temperature differences (t, — t,) 
in the last five sections. “ Local heat-transfer coefficients hz, for 
each of the first three heating sections, are obtained by evaluating 
the temperature difference at the desired position, 

Energy-balance ratios, q;/q, of 0.94 + 0.03 for lead bismuth 
and 0.98 + 0.03 for water, indicate that the measurements of the 
heat rate, fluid temperature rise, and fluid flow rate are satisfac- 
tory. The lead-bismuth ratio suggests a constant error of 6 per 
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cent. Since this deviation is of the same order of magnitude as 
the total loss correction applied to the gross electrical input and 
the corresponding deviation for water is negligible, it follows that 
the principal source of the error must be in the evaluation of the 
heat absorbed by the lead bismuth q;. This error may be at- 
tributed to uncertainties in the orifice coefficient and specific-heat 
(These do not influence the heat-transfer coeflicients as 
calculated in the foregoing, however.) Seban (14) indicates 
that the orifice coefficient as obtained by water calibration may 


values. 


DISTANCE , FT. 
HEAT TRANSFER LENGTH 


HEAT INPUT 
—— WITH HEAT INPUT 


=e 
570 560 590 600 


TEMPERATURE, °F 


hic. 3) Typreat Test Section Temperature Disrarution 


550 560 


be less than that for a liquid metal. The value of specific heat 
selected for lead bismuth by reference (3) is calculated from data 
for lead and bismuth which may not be representative of the eu- 
tectic, 

The reliability of the caleulated fixed thermal-resistance value 
of 2.36 & 10 -' was verified by the series of water tests, 


Water Tests 


To establish the validity of the results for lead bismuth, several 
series of tests were performed with water using the same ex- 
changer unit as with lead bismuth and, with the exception of the 
orifice meter, the same instrumentation. Fig. 4 shows that the 
results with water are in good agreement with the values pre- 
dicted by the McAdams correlation Equation 4de (12), and that 
the results before and after the lead-bismuth tests are substan- 
tially in agreement, indicating that effects of operating with lead 
bismuth are minor. The discrepaney between the “before clean- 
ing’ and clean-tube data may be attributed to increased heat 
transfer as a result of local flow disturbances caused by many 
small beads of lead bismuth on the tube surface during the be- 
fore cleaning tests. 

An independent evaluation of the combined accuracy of the 
measurement of the net electrical input and of the water tem- 
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McADAMS EQUATION 4c 


(12) 
Nu * 0.023 (Re)% 
@ BEFORE INITIAL Pb- Bi TESTS- CLEAN TUBE 
& AFTER INITIAL Pb-Bi TESTS- BEFCRE CLEANING 
o AFTER INITIAL Pb- Bi TESTS-AFTER CLEANING 
+ AFTER SECOND SERIES Pb-Bi TESTS- BEFORE CLEANG “ 


T 


| 


—- 


6 8 10% 2 
REYNOLDS MODULUS - uD/y 


hia. 4 


perature was obtained by a series of heat-balance runs made with 
60-deg and 180-deg F water at low flow rates before and after 
the lead-bismuth tests. For these tests the energy-balance ratio, 
W828 0.98 + 0.03. 

To establish the reliability of the lead-bismuth heat-transter 
coefficient, it was considered necessary to show that water heat- 
transfer coefficients of 1600 Btu/hr ft? deg F 
ured with an accuracy of +10 per cent. This corresponds to 
measuring a thermal resistance of = 6 hr deg 
FF /Btu with an accuracy of £0.6 * 10~*hr ft? deg F/Btu. That 
these criteria are met is demonstrated in Fig. 4 for Reynolds 


could be meas 


It is realized that other correla- 
tion equations? and recent experimental results (1, 7, 13) yield 
however, it is felt that there is sufficient evidence 


modulus values above 50,000, 


lower values; 
supporting McAdams equation to justify its use. 


Previous INVESTIGATIONS 


Experimental results for foreed-convection heat transfer with 
liquid metals have been reported for mercury, sodium-potassium 
(Nak), and lead-bismuth alloys. Of these, the investigations 
with mercury are the most extensive, about eight in number, im- 
cluding a wide range of tube sizes (0.05 to 1.5 in. ID) and several 
different experimental techniques. The number of lead-bismuth 
alloys is second to mercury and is followed by Nak alloys for 
The results of the 


early investigations appear in error, and therefore only the more 


which there are two independent studies. 


recent results are shown in Fig. 5. 

Trefethen (16), using a “‘figure-of-eight’’ double-pipe system, ob- 
tained mercury heat-transfer data for both “wetted” and ‘“‘non- 
wetted” heat-transfer surfaces and reports the same performance 
for both conditions, These results are approximately 30 per cent 
below the Martinelli prediction. 

Isakoff and Drew (5) report heat-transfer coefficients and ve- 
locity and temperature distributions for mercury in a 1.5-in-ID 
stainless-steel tube. Although their temperature distributions, 
and consequently, the ratio of the eddy diffusivity of heat to that 
for momentum was at variance with that predicted by Martinelli 
(11), the reported Nusselt values are in substantial agreement 


® Reference (12), p. 167 


| 
4 6 810° 


Comparison or Water Heat-Transrer Resurts 


with the momentum prediction but increase more rapidly with 
Peclet modulus. The property values used by Isakofi and Drew 
(5) and by Trefethen (16) are in agreement. 

Recent mereury results by Doody and Younger (2), although 
they appear to be in error (results substantially below the lami- 
nar-flow limit), offer evidence of an increase in heat-transfer 
performance when ‘‘wetting” occurs. 

The Nak investigations of Lyon (9), and Werner, King, and 
Tidball (18) were condueted under similar circumstances. Both 
used «a double-pipe system with a nickel exchanger, which was 
wetted by the Nak, 
the reported transfer performance is identical and in agreement 


The same property values were used and 


with the momentum prediction, 

Lead-bismuth data are reported by Untermyer (17), who ob- 
tuined both wetting and nonwetting heat transfer and found 
a substantial change. Seban (15) reports lead-bismuth results 
for both a double-pipe and single-pipe system (the single-pipe re- 
sults are shown in Fig. 5), which are 30 to 40 per cent below the 
momentum prediction, but noted an increase of 25 per cent in the 
performance of the double-pipe system when a hot-dip tinned 
Lubarsky reports wetted and 
nonwetted heat-transfer results for lead-bismuth eutectic in 
a double-pipe system and found them to be in agreement but ap- 
proximately 30 to 50 per cent below the momentum theory. All 
lead-bismuth investigators used the same property values. 


steel-core tube was used. 


Leav-Bismutu Test Resutrs aND Discussion 


The heat-transfer results reported here are for the turbulent 
flow of lead-bismuth eutectic (44.5 per cent lead, 55.5 per cent 
bismuth, melting point 257 F) in a mild-steel test section. 
Periodic visual inspection during the 430 hours of operation with 
Jead bismuth showed no indication of fouling or wetting of the 
heat-exchanger surface. Tables | through 4 and Figs. 5, 6, and 
7 present these results, for four levels of mean fluid temperature. 

The basic results are presented in Fig. 6 where the heat- 
transfer coefficient is shown as a function of the flow rate for four 
temperature levels. For this figure, to emphasize the influence 
of temperature, only those data within the noted temperature 


limits are shown. Also, values for the first 20 hr of each test 
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AVE. NUSSELT MODULUS-hD/k 


WERNER (18) Nak ON Ni 


ISAKOFF AND OREW (5) Hg ON 18-8 SS 
TREFETHEN (16) Hg ON SS. Hg ON Cu 
UNTERMEYER (17) Pb-Bi ON Fe 

UNTERMEYER (17) PbBi OOS%Mg ON Fe 

U.of C, BERKELEY,1950 Pb-Bi ON Fe 

LUBARSKY (8) Pb-Bi ON SS PbBi 004% Mg ONSS 
U of C BERKELEY, 195! 1952 Pb-B: ON Fe (6) 
MARTINELLI- LYON MOMENTUM THEORY (11, 9) 
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Fic. 6 Herat-Transeen Corrrictents or Leap Bismura: 


pre0.044 
Pr=0.029 
+ Pr=0.025 
@ Pr=0.021 
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ye Present Data With Momentum Tueory; 
Nu Versus Re 


> 
Fig. 5 Summary or Known Investigations; Nu Versus 


series have been excluded since there is an apparent improve- 
ment with time during this period and the results, therefore, are 
not considered representative of normal operation. Fig. 6 shows 
that all plotted values, excepting two, are within +10 per cent of 
the mean line shown. Close inspection reveals a trend of im- 
creasing heat-transfer coefficient with temperature level, which 
is consistent with the variation predicted by the Lyon-Martinelli 
theory 

Local heat-transfer coefficients for the thermal-entrance sec- 
tion are given in Tables 1 through 4. No consistent trend with 
Reynolds modulus or Prandt! modulus is apparent, but the depth 
of penetration of the thermal entry is established at  approxi- 
mately 30 diameters. 

Both theory and independent experimental results have shown 
that forced-convection heat-transfer coefficients for all fluids in a 
given flow geometry are correlated satisfactorily by Nusselt, 
Reynolds, and Prandtl! dimensionless moduli, The present re- 
sults, revealed in this manner in Fig. 7, are 30 to 35 per cent 
lower than those indicated by Martinelli’s analysis. The rela- 
tive position of the results with respect to Prandtl modulus is 
consistent with the prediction, with the noted exception of the 
limited data in the 640-675 deg F range 

For comparison with theory and the experimental results of 
other liquid-metal investigations, Lyon's Nusselt-Peclet corre- 
lation presentation, as in Fig. 5, is preferred. Here the present 
results are 25 to 35 per cent below the Lyon-Martinelli theory 
but are in excellent agreement with the results of Trefethen (16) 
for mercury, and in good agreement with those of Seban (15) for 
lead bismuth. The results of Lubarsky for lead bismuth are 
somewhat lower, being 30 to 50 per cent below the theory. Un- 
termyer'’s (17) results for lead-bismuth eutectic are considera- 
bly lower than all of these investigators but on adding 0.05 per 
cent magnesium he obtained data substantially in agreement with 
the momentum prediction. Other investigators showing agree- 
ment with the theory include Werner, King, and Tidball (18), 
and Lyon (9) for sodium-potassium alloy, and Isakoff and Drew 
(5) for mereury. 
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LEAD-BISMUTH HEAT TRANSFER IN A 4-FT, 0.652-IN-ID, MILD-STEEL TEST SECTION 


to-t,) (t-te) h a¢/ Correlation local h Hour of 
(tar Moduli at Operation 


oF OF Btu Heat wD 13.8 
ftchroF Balance k v k a 


TABLE I - LFAD-BISMUTH HEAT TRANSFER AT 325-)15°F 


23.5 697 0.94 7.77 6.64 
21.1 792 1.92 0.9036 10.6 7.58 
19,0 0.938 16,0 8.50 
18.4 18.1 8,85 
17.9 9.12 
15.9 0,02 10,0 
16,2 0.0L 10.0 
7,042 
15.7 0.040 
15.1 0 0.943 
12.9 
13.5 
12,8 
12.9 0.943 
0.05 

9.045 

0.016 

0,045 

0,045 

0,937 

4,890 


TABLE II TRANSFER AT 
20.8 0,06 
2.8 9.034 


~ 
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19.8 9,027 
19.6 9,027 
0,933 
18.6 9.028 


0,028 
0,029 
0.032 
0,029 
0,029 
0,028 
0.030 
0,029 
0,029 
0.029 
0.030 
0.028 
9,031 
0,030 
9,931 
9.932 
0.029 
0.029 
0.929 
0.029 
0,029 
0,029 
0,031 
0,932 
0.929 


0,030 


19. 


AN 
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Vi 
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hr ft‘hr 
aad. 
16.4 156 (125) 
2.72 16.7 «121 1.92 (12h) 
j 4.21 16.6 387 71 1.91 (123) 
4.91 16.5 369 6.3 1.09 (129) 
: 5.63 16.6 368 She 1.0 (122) 
6.52 15.2 359 eg 1.03 ( 38) 
6.76 16.7 377 lil. 4 1,02 (120) 
7.50 16.6 55 39 ols 1.98 (127) 
8.09 16.8 372 37.3 1.908 (119) 
15.5 319 3d 1.93 ( 10) 
9.75 16.0 357 27.8 3.22 (271) 
10.5 15.5 36 25.0 1.03 7) 
lek 15.0 343 1.04 ( 2) 
11,8 15.1 348 23.4 1,0 ( 37) 
15.7 15.2 337 1.14 ( 39) 
17.2 16,0 16,6 1643 (272) 
17.2 16,1 16.5 (277) 
19.1 15.2 328 1.95 3) 
20.2 15.1 330 1.97 ( 
20.5 16,0 339 13.9 1.16 (276) 
20.7 14.7 30 1.95 143 
15.9 12.9 1.16 (272) 
23.9 16.0 338 11.9 1.13 (273) 
15.9 336 10,8 1.14 (273) 
29.1 16.0 335 9.9 1.13 (27k) 
16.0 336 10.0 1.12 (275) 
30.5 15,8 9.5 1.08 (257 
30,8 15.9 329 9.5 0.94 (255) 
31.6 16,0 335 + 1.12 (275) 
436 17 2k1 1.71 1.28 1.21 (189) 
521 138 282 1.27 1.98 1.92 ( 60) 
52h 135 7.21 290 1.25 1.099 1.92 (71) 
518 13.9 7.59 359 1.33 42,13 ( 9) 
$12 ll 855 9.93 3.3 7.66 372 1.31 1.13 1.0h ( 73) 
502 89.0 885 0.92 15.3 7693 39 1.10 1.15 1.92 ( 61) 
14.8 764 0.91 7.08 61 1.50 1.22 1.29 (176) 
490 32.3 810 9,91 7.33 1.45 1.238 21.22 (172) 
496 7961 819 0.95 15.5 7.39 50 1.36 1.12 1.06 (17h) 
510 88.2 909 0.95 16.1 8.14 52 1% 1,22 1.03 ( 66) 
479 14,6 750 0,88 15.3 6.83 62 1.79 1.37 1623 (229) 
; 2.13 12,2 925 1.0 15.8 8,37 1.20 1.09 1.11 (163) 
4.30 23.7 900 0.9 16.0 8,12 166 1.28 1.08 (161) 
4.38 22.5 815 0.91 16.0 7.35 66 1.59 1.25 1.17 (160) 
3047 14.3 477 78.9 788 15.6 7.20 470 1,38 1.04 (133) 
3.49 16,2 518 86.7 926 0,96 16.8 8.25 1.39 16 1.04 ( 58) 
3.50 3.08 473 16,7 803 0. 59 15.6 7.36 477 1.46 1.93 (150) 
3.51 9.65 180 51,6 ] 803 0.96 1509 7632 77 1.95 (147) 
3.51 78h 0.94 5.6 7.18 80 1,25 1.05 
3.54 4.62 59 23.3 812 91 7250 186 1.54 2.13 (153) 
17.2 497 70,8 ] 980 0.94 0.8 8.85 603 f 7h) 
4.61 16,0 69 ] 971 0.95 1.5 8.74 62 1.45 1,04 66) 
17.0 193 58.6 1020 0.95 9.23 730 1.48 1.07 ( 75) 
16,1 192 54.6 1020 9023S TS 1.51 1.02 ( 63) 
13,8 195 6.2 10,0 5.5 9.40 1.50 1.05 23 
16.9 191 She 3 ] 1060 0.95 6.7 9.50 785 1.49 1.0% 75) 
lnk 1,68 961 0.96 8.0 9.35 870 1.43 1.9% (181) 
2076 78.1 0.93 7.5 8.73 082 1,61 1.28 (178) 
16.4 1 1990 0.7 9.83 903 1,52 1.06 ( 79) 
16,5 485 45e1 1 20 17.2 923 1,50 1.05 ( 76) 
1.06 ( 6h) 
1.05 (77) 
1.07 ( 78) 
1,07 22 
1.96 ( 77) 
1.07 20 
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ty (to-tz) (ty-ty 
Cp «OF oF Btu Heat 103uD 
hr ftchror Balance v k 
TABLE II - Cont'd, 

19.3 13.8 gl 2.6 10. 1290 9.93 0.029 h7.k 12.7 
1.3 13.7 22.2 10h 1320 0.93 0.029 51.9 11.9 
n. 13.7 99 21.5 11.0 1250 0.93 0.929 12,2 
12,6 13.8 92 19.8 10.2 1370 0.92 0.029 58.1 
12.9 15.6 505 21,8 10,8 1450 9.92 0.028 60.8 12.9 
13.7 13.8 18.3 10.1 1370 9.029 63.7 12,3 
14.6 13.8 93 17.0 Folk 67.6 13,3 
15.7 23.7 196 15.8 19.3 1330 0.92 0.029 72.8 12.0 
15.8 13.8 193 15.8 Je2 1500 0.93 0.029 73.1 13.5 
17,2 13.8 501 14.6 9,0 1530 9.93 0.029 80.6 13,8 
18,6 13.7 495 13.3 91 1510 0.92 0.029 86,2 13,6 
19.9 13.7 512 12.5 8.3 1660 0.92 0.028 94.7 14.8 
30.6 499 9.5 8.0 1980 029 17,8 
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1390 
1520 
1570 
1700 
1730 
1860 
1980 
2120 
2140 
231 
2520 


3.39 13.4 563 73.6 16.1 832 
5223 12.7 57h 46.3 12.5 1020 
Sul 13.9 562 46.6 13.5 1030 
5.53 14.1 570 50.1 14.1 1000 
15.0 57h h7.1 13.6 1100 
6.59 14,0 560 39.4 12,6 1110 
8.0k 14.3 589 12.4 1150 
8.19 14,0 559 31.5 11.9 1180 
9.60 15,3 565 29.6 1h, 2 1080 
9.92 15.5 560 28.9 12.0 1290 
9.95 568 26,1 71.2 1290 
10.2 15.0 565 11.4 1320 
11.3 587 23.4 1.4 1260 
11.8 14.3 571 22.3 13,2 1290 
13.5 14.9 579 19.9 10.4 1430 
13.5 15.6 556 2009 10.9 1130 
13.8 15.1 565 20.4 12.0 1260 
13.8 14.7 588 19.5 10.7 1380 
13.8 14.5 58h 19.4 10.8 1340 
13.9 14.9 586 20.0 11.1 1350 
14.3 14.7 593 19,0 10.6 1380 
14.7 liek 57h 18,1 10.2 1420 
16.0 14.5 585 16.7 10.2 1420 
17.0 15.7 555 16,6 10.0 1570 
17.1 14, 6 587 16,1 9.9 14,80 
17.3 14.5 581 15.4 9.7 1500 
18.5 15.0 562 156k 10.4 1440 
18.7 14.5 590 1h.2 9.3 1560 
19.2 14.5 591 13.8 9-1 1580 
19,6 15.0 57h 14.0 1630 
19,6 14.7 590 14.1 8.9 1650 
20.2 15.0 1k, 2 10.0 1500 
200k 593 12.7 1590 
21.9 15.6 558 13,0 9.2 1690 
23.9 15.6 569 12.0 9.0 1750 
26,8 15.8 10,8 8.4 1890 
30.3 15.8 570 9 7.6 2080 


3,82 1.7 11.5 1020 
4.87 14,9 10,8 1100 
6.30 16.4 673 46,0 13,6 1200 
6.32 11.0 633 32.7 8.8 
7.36 16.2 68 lp. 13.0 Lip 
7.48 12,3 664 30.1 10.1 1200 
7.48 14,6 669 05 12,0 1220 
20.1 Uh 666 13.2 10.4 1380 
28h 13.9 663 9.0 8, 1620 


* Elapsed operating time for runs Numbers i 


0.95 
0.97 
92 
O99 
9.90 
0.95 
0.96 
O94 
0.92 
0.9k 
0.92 
0.92 
0.94 
0.94 
0.95 
0.95 
0.94 
0.92 
0.96 
0.93 
0.97 
0.93 
0.93 
0.96 
0.96 
0.92 
0.93 


0.025 
0.02) 
0,025 
0,025 
0,02); 
0.925 
0.02) 
0.025 
0.025 
9.025 
0.925 
0,025 
0.024 
0.024 
0.02) 
0.025 
0,025 
0.02h 
0.02h 
0,023 
0.024 


T_ TRANSFER AT 630-675°F 


n brackets denote the operating time 
+ Assumed heat balance from which flow rates were calculated. 


17.5 7.18 
27.6 8.73 
28.0 8.93 
28.9 8,63 
29.6 
33.9 9.57 
9.78 
42,1 10,2 

49.8 9,33 
50.9 11.2 

3 

53.2 11.3 

60.9 10.8 

61.9 11.1 

71.5 12,2 

68.9 12.4 

71.9 
73.4 
7h.0 
77.0 
77.5 
85.3 
87.0 
91.6 
92.3 
95.6 
101 

103 

103 

106 
19h 
102 «14.6 
12h 15.0 
139 16,3 
158 17.9 


PREES 


Se 


SSEREKKE 


Fe 


21.9 
27.9 9.08 
37.5 9.70 
35.9 10.3 
43.7 10.1 
43.6 9.77 
9' 888 
11,2 
167 13,2 


for the second series of runs, i.e., after cle 


900 
210 
3420 


local h 
at 
4.6 13.8 
1.56 1,21 
i229 
1.56 1,22 
1.65 
1.64 1,19 
1.52 1,20 
1,61 1.2 
158 1,2h 
1.61 1.2h 
3,05 
1.61 1.2) 
1.53 1,90 
1.68 1,16 


. 


23 


B25 2222235222 
o 
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Hour of 
Operation 


hr® 


(233) 
( 28) 
200 140 
121 
93 153 
( 26) 
201 138 
212 (269) 
200 123 
097 152 
( 25) 
00 136 
297 150 
= ( 268) 
1,93 ( 16) 
1.98 ( 2h) 
1.12 ( 30) 
1.12 ( 43) 
008 3h) 
01 133 
299 127 
266 
132 
17) 
99 128 
205 131 
151 
33) 
( 18) 
202 130 
( 26) 
219 (262) 
(261) 
210 (260) 


Vi 
VI 


NN 


s 
a 
437 1.39 1.1 
675 1,66 1,2 
700 
713 1.2 1,3 
852 1.33 1.2 
1020 
1060 1,90 23 
1280 
1290 1.30 1,3 
132 1.28 1,1 
1,3 
1520 1.27 1.1 
1730 1,1 
1.68 1.3 
1780 1.52 1.2 
1750 1,68 1.3 
1760 1.81 1,3 4 
1760 1.6@ 1.2 
1790 1,85 163 
1900 645 | 
2030 1.27 wal 
2025 2210 1.95 
0.02) 2160 1.71, 
0,02 2220 
0,025 2190 1.78 
0.023 2350 1,22 
0,023 240 1,32 | 
0.02h 2520 1,27 
0.023 21,80 1.79 
0,025 2620 1,82 I 
0.023 2580 1,3) 
0,025 3070 1.76 
0.025 340 1.78 - 
0.025 3900-1 7h 
0.94 0.021 621,650 1.21 1,06 ( 
96 80,021 S91 «#61616 1,01 ( 
91 0,020 750 1.47 1.19 1,08 (2 
0,022 775 21429 ( 
1.67 1.35 1,2 
0,020 1.20 0.98 ( 
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THE 

d These comparisons are difficult to evaluate in view of the fore- 
going differences in heat-transfer fluids and techniques. How- 
ever, it is obvious in view of the discussion given of previous in- 
vestigations, that the differences may not be explained completely 
in terms of physical-property values, Fig. 8. | Experiments 
(6) have indicated a decrease of 100 per cent in the heat- 
transfer coefficient due to entrainment of gas bubbles in the 
flowing liquid metal, and this phenomenon may be partly re- 
sponsible for the reported differences. The effect of wetting 
Lubarsky (8) and Trefethen (16) report the 
same performance under both wetting and 
conditions, while Seban (15), Untermyer (17), 
and Younger (2) report an increase with wetting. 
parent increase, however, may have been due to the removal of an 
oxide film on the exchanger surface rather than to wetting. 

It is the opinion of the authors that further investigation is 
necessary and that additional information such as velocity and 
temperature distributions, pressure-drop measurements, and 
effect of wetting would be of major importance. 


is questionable; 
nonwetting 
Doody 
This ap- 


and 


LAMINAR-FLOw Limit 


The theoretical lower limit of the Nusselt modulus for constant 
heat input per unit length is 4.36. Many investigators have 
presented data below this limit even at high values of the Reyn- 
olds modulus. Recently 
data were obtained by the authors in the low Reynolds-number 
range (1000 < Re < 3300) with average flow velocities of ap- 


These results appear to be in error. 


AUGUST, 1953 


proximately 3fpm. These results showed a continuous decrease 
in the Nusselt modulus to one third of the laminar limit. How- 
ever, at these low flow rates metering was not attempted and, 
therefore, energy balances were not obtained, thus giving cause 
to question the fluid temperature measurements. For this rea- 
son the data are not reported at this time. 
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